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Abstract 
 The voltage dependent Mg2+ block of GluN2A-containing NMDARs is essential 
for activity-induced neuroplasticity. The GRIN2A gene, encoding the NMDAR 
subunits GluN2A, was found to be disrupted or mutated in individuals with 
mental retardation and/or epilepsy.  
 In my thesis work I performed behavioral test, genotyping, western-blot analysis 
and many different histological technics to analyze protein expression and 
anatomical structures of neurons and glia of mice carrying a gene targeted point 
mutation, Grin2A(N596S), in the gene encoding NMDAR subunit GluN2A. This 
mutation causes the loss of the Mg2+ block and a decrease in Ca2+ permeability 
and it is homologous to a human de novo point mutation Grin2A(N615K), found 
in a young patient with severe mental retardation and epileptic seizures (Endele S. 
et al., 2010). 
 As in humans, mice homozygous for the mutation (Grin2aS/S) have profound 
cognitive impairments and, analyzing their performance in a battery of behavioral 
test such as the Burrowing test, the Crawley’s sociability test, the Cliff avoidance 
reaction (CAR) test and the passive avoidance (PA) test, emerged that Grin2aS/S 
mice express also features related to ADHD, which are hyperactivity, inattention 
and impulsivity. On the other hand, in heterozygous Grin2aS/N mice the mutation 
had a lower penetrance, resulting in an intermediate behavior and ambiguous 
ADHD-like phenotype compared to the other two groups of mice, Grin2aS/S and 
Grin2aN/N courts phenotype. 
 Grin2aS/S mice exhibited a 100% penetrance of generalized convulsive seizure 
induced by an external stimulus (11 kHz tone), namely Audiogenic Seizure (AGS). 
The AGS ended always with respiratory arrest and the death, resembling the same 
human process called SUDEP (sudden unexpected death in epilepsy). The 
epileptic phenotype could be genetically rescued in a different genetic 
background of FVB mice or pharmacologically by low doses of memantine. 
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 Western blot analysis reveled no differences in NMDAR subunits protein 
expression and other kinds of scaffolding proteins enriched in the PSD in forebrain 
membrane fraction of P28 Grin2aS/S, Grin2aS/N and Grin2aN/N mice. 
 Moreover, c-fos and arc expression were verified by immunofluorescence after 
tone induction, confirming published data about AGS-related brain circuit. 
 I also examined the presence of gliosis and neurodegeneration, 24 hours and 8 
days after seizure induction, discovering a GFAP (glial fibrillary acidic protein) 
reduction in some brain areas and gliosis-plaque in the cortex of Grin2aS/S mice; 
furthermore, Silver and NeuN stainings highlighted signs of neurodegeneration in 
the same brain areas related to AGS. Finally, using the Golgi impregnation 
technique I compared the normal brain development and neuronal structure in 
mutated and wild-type mice. 
 In summary, the results of my research revealed an ADHD-like phenotype in 
Grin2aS/S mice, coupled with a strong epileptic phenotype, which caused the 
death of the animal and some molecular adaptive responses in the brain circuit 
related to the seizure, but that it could be prevented by memantine, a drug 
commonly used in therapy. 
 6
Marta Serafino
1. INTRODUCTION 
    1.1 NMDAR (N-methyl-D-aspartate receptor) 
  1.1.1 - Structure and function 
 Most excitatory synapses in the brain use the transmitter glutamate to carry 
impulses between neurons. During fast transmission, glutamate activates first the 
α-amino-3-hydroxy-5-methyl-4- isoxazolepropionic acid (AMPA), then the N-
methyl-D-aspartate (NMDA) receptors in the postsynaptic cell.  
NMDARs exhibit properties that distinguish them from other types of ligand-gated 
ionotropic receptors:  
• Their ion channel is subject to a voltage-dependent block by physiological 
levels of extracellular Mg2+. The relief of the block at depolarized potentials 
confers to the receptor the capacity to act as a molecular “Hebbian 
coincidence detector”, permitting ion flow only when pre- and post-synaptic 
cells are excited simultaneously.  
• Closely related to the block by Mg2+ is the fact that NMDAR channels display a 
high permeability to Ca2+ ions that contributes to synaptogenesis, experience-
dependent synaptic remodelling and a cascade of intracellular events, 
triggering the long-term potentiation (LTP) or long-term depression (LTD) of 
synaptic currents. 
• Under physiological conditions, the initial activation of NMDAR requires the 
presence of glutamate and glycine, the co-agonist. The excitatory postsynaptic 
current that results from NMDAR activation (NMDR-EPSC) exhibits a slow rise 
(~10 ms) and decay time (>100 ms), reflecting an unusual kinetics.  
 Three main families of NMDAR subunits have been identified: GluN1, GluN2 
(GluN2A, -2B, -2C, and -2D), and GluN3 (GluN3A, -3B). Native NMDARs appear 
to function only as heteromeric complex composed of two essential GluN1 and 
two GluN2 subunits. Glutamate binds to the S1 and S2 (extracellular domains 
containing the binding site for Glu and Gly) regions of GluN2, while glycine 
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binds to the S1 and S2 regions of GluN1; binding occurs in the gap between S1 
and S2 from the same subunit (Fig. 1). Subunit contains an extracellular N 
terminal domain (NTD, part of which forms S1), an extracellular loop between M3 
and M4 that constitutes S2, and an intracellular C terminal domain (Fig. 1). The 
channel domain is formed by a pore loop (M2) that dips into the channel from the 
cytoplasmic side and form a constriction located across the transmembrane field; 
the Mg2+ channel gate appears to be near this constriction (Fig. 1) (Cull-Candy S. 
G., 2004).  
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Fig. 1 - Architecture of an NMDA receptor. GluN1 and GluN2 subunits are composed of several 
conserved regions. The extracellular region includes the N-terminal domain (NTD). The S1 and 
S2 domains form the binding site for glutamate in GluN2 (in turquoise) and for glycine in GluN1 
(in red). The channel region (M2) is a “pore loop” that enters the membrane from the intracellular 
surface. The ion channel is permeable to Na+, K+, and Ca2+. Extracellular Mg2+ causes voltage-
sensitive block by binding deep within the pore. The C-terminal tail of GluN1 and GluN2 binds 
to synaptic kinases and structural proteins.  
[C0 (α-actinin, calmodulin), C1 (Yotaio, Neurofilament-Long (NF-L), calmodulin), C2 (PDZ-
containing proteins) domains; PDZ-containing proteins (SXV motif), α-actinin, Ca2+/calmodulin-
dependent protein kinase II (CamKII), AP-2 (YEKL motif), phosphorylation sites (Y, S)]. (From 
Cull-Candy S. G., 2004)
GluN1GluN2
a
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 Selectivity of the NMDAR channel for Mg2+ block and Ca2+ permeability is 
dependent on a critical asparagine residue (in each M2 subunits) located within 
the pore loop. 
 There are eight functional splicing isoforms of GluN1 arising from a single gene. 
 The type of GluN1 splice variant in the receptor assembly is critical in 
influencing the kinetic properties of the NMDAR. However, GluN2 subunits is 
more critical in determining many biophysical and pharmacological properties of 
the receptor, including its high affinity for glutamate, modulation by glycine, 
sensitivity to Mg2+, Ca2+ current and channel kinetics (Cull-Candy S. G., 2004).  
 Single-channel conductance and block by Mg2+ ions, also depend on subunit 
composition: a high sensitivity to Mg2+ block are associated with GluN2A- or 
GluN2B-containing receptors, whereas low-conductance arise from GluN2C- and 
GluN2D-containing receptors.  Although GluN3 is not essential in native 
NMDARs, it has a key role in controlling glutamatergic synaptic development and 
plasticity. When combined with GluN1/GluN2, GluN3 constitute a 
“nonconventional” NMDAR, influences surface expression and reduces both Ca2+ 
permeability and current flow through the channel. Moreover, GluN3A 
distribution outside the PSD, including perisynaptic astrocytes, places it at a 
strategic position to play an important role in the interactions between neurons 
and glial cells (Lau C. G., 2007, Kehoe L. A., 2013). Astrocytes participate in the 
modulation of synaptic transmission as well as in LTP through the release of 
glutamate and D-Serine in a Ca2+-dependent manner. These gliotransmitters can 
act on neuronal GluN3-containing NMDAR located at extrasynaptic sites and on 
astrocytes, influencing their intracellular Ca2+ homeostasis. Thus GluN3 could be 
crucial for the bidirectional communication between astrocytes and neurons 
(Kehoe L. A., 2013). 
 NMDAR subunit expression varies with respect to brain region, ontogenetic 
period, and activity. Around birth, only the GluN1, GluN2B, and GluN2D mRNAs 
are significantly expressed, whereas the GluN2A, GluN2C and GluN3A mRNAs 
emerge postnatally (Fig. 2 - From Wenzel A., 1997). 
 The insertion of NMDARs at the cell surface is regulated during development 
and in response to synaptic activity and sensory experience. In particular, GluN1 
and GluN2 play distinct roles in the processes of intracellular trafficking and 
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surface expression of receptors. The GluN1/N2 complex can assemble before 
leaving the endoplasmic reticulum (ER). Particularly, the GluN1 subunit appears to 
play a vital role in the release of the NMDAR from the ER: phosphorylation near 
the ER retention signal by protein kinase C (PKC) and protein kinase A (PKA) 
promotes NMDAR trafficking to the plasma membrane over a number of hours 
(Lau C. G., 2007). Furthermore, different splice variants of GluN1 display selective 
targeting to different regions of the cell surface (soma versus distal dendrites). In 
addition, GluN2A, -2B subunits are apparently unable to reach the cell surface 
unless co-assembled with GluN1 (Cull-Candy S. G., 2004).  
 In contrast, GluN2 appears to play a dominant role in later stages of NMDAR 
delivery to the synaptic membrane. Specific interactions between various 
dendritic and postsynaptic proteins and GluN2 are essential for dendritic 
transport, synaptic localization, and trafficking of receptors. These processes are 
controlled by interaction between the C-terminal tail of GluN2 and PDZ domains 
of intracellular scaffolding proteins and kinases, such as the membrane-associated 
guanylate kinases (MAGUKs, which include PSD-95, postsynaptic density protein 
95), responsible for binding and stabilizing NMDARs in the plasma membrane 
(Cull-Candy S. G., 2004). During development, the overall expression of PSD-95 
is increased, favoring an increase in GluN2A and a decrease in GluN2B at the 
synapse. The pattern of GluN2/N2B subunit distribution changes with age, 
reflecting a switch in the composition of postsynaptic receptors, in the sensitivity 
to Mg2+ and in synaptic modifications (Yashiro K., 2008).  
 Dynamic modulation of the number and position of the glutamate receptors is 
one of the main mechanisms for changing the intensity of excitatory synapses. 
Lateral diffusion of NMDARs may represent a fundamental process for synapses to 
adapt their molecular components to changes in the level of functional activity. In 
addition to their expression at extra- and post-snaptic sites, NMDARs are found 
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Fig. 2 -  Developmental expression of GluN2A, GluN2B, 
and GluN2C subunit in rat brain. Western blots of crude 
membranes were prepared from P0, P5, P10, P21, and 
adult (Ad) rat whole brains and stained with subunit-
specific affinity purified antisera (From Wenzel A., 1997).
GluN2A
GluN2B
GluN2C
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also at pre-synaptic sites (pre-NMDARs) in many areas of the CNS (Mothet J.-P., 
2015).  
 Clathrin-mediated endocytosis of NMDA receptors provides a fundamental 
mechanism for dynamic regulation of the number of NMDA receptors at synapses, 
which might be important to modulate synaptic transmission efficacy, and to 
promote the protein degradation by the ubiquitin-proteasome system or the 
receptors recycle (Fig. 3) (Nong Y., 2004). 
 The different NMDAR compositions appear to correlate with distinct roles in 
synaptic transmission and plasticity, and can influence the functional properties of 
the postsynaptic response. Indeed, both GluN2A-2B-containing NMDARs are 
capable of supporting bidirectional synaptic plasticity (Yashiro K., 2008). 
Moreover, the location of NMDARs, and the route of Ca2+ entry into the cell, 
appears to play a role in the differential activation of various kinases necessary for 
normal cellular function. Indeed, Ca2+ influx through GluN2A-2B-containing 
NMDARs plays an important role in neuronal development, synaptic plasticity 
 11
Fig. 3 - Synaptic NMDARs and AMPARs (in blue) are localized to the PSD, where they are 
structurally organized in a complex of scaffold-proteins that link NMDARs to signalling proteins 
important in the regulation of NMDAR number and function at synaptic site. NMDARs 
internalize via Clathrin-coated pits at specialized endocytic zones located tangential to the PSD 
(From: Lau C. G., 2007). 
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(LTP and LTD), and cell survival, and can cause excitotoxic cell death during 
excessive NMDAR activation (Cull-Candy S. G., 2004).  
 LTP and LTD are cellular processes involved in learning and memory. NMDAR 
dependent LTP at the Schaffer collateral–CA1 synapse (SC–CA1 synapse) is the 
best-characterized form of synaptic plasticity. Following depolarization of the 
postsynaptic membrane and relief of Mg2+ block, the NMDAR-mediated rise in 
postsynaptic Ca2+ activates kinases (CaMKII, PKA, PKC and mitogen-activated 
protein kinase (MAPK)), and protein phosphatases. Activated CaMKII 
phosphorylates the AMPA-type glutamate receptor 1 (GluA1) subunit, which 
promotes synaptic incorporation of GluA1-containing AMPARs, thereby 
increasing AMPAR number and channel conductance (Fig. 4) (Lau C. G., 2007). 
By contrast, LTD involve dephosphorylation of GluA1 and retrieval of AMPARs 
from synaptic sites.  
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Fig. 4 - LTP involves activity-dependent insertion of NMDARs. In the hippocampal CA1 of adult 
animals, high-frequency stimulation (HFS) and LTP promote rapid insertion of NR2A-containing 
NMDARs and an increase in NMDA field excitatory postsynaptic potentials through a PKC- and 
Src-dependent pathway. HFS-induced activation of mGluR5 can also induce LTP of NMDAR. 
(From: Lau C. G., 2007).
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 Evidence that alterations in NMDAR number and/or subunit composition 
contribute to the expression mechanism of LTP and the experience-dependent 
plasticity of the cortical map is relatively recent (Lau C. G., 2007). During the 
early postnatal period (weeks 2–3 postpartum in rodents), sensory experience 
shapes and refines synaptic connections between thalamo-cortical relay neurons 
and their targets in the primary sensory cortex. This ‘critical period’ is 
characterized by heightened sensitivity of the neural circuitry to experience-
dependent, NMDAR-dependent modifications. For example, sensory deprivation 
by whisker trimming during postnatal development alters the composition of 
NMDARs at synapses of the barrel cortex (Lau C. G., 2007).  
 The whiskers in the snouts of mice serve as arrays of highly sensitive detectors 
for acquiring tactile information. Sure enough, somatosensory whisker-related 
processing is highly organized into a typical map, the 
barrel cortex, where each whisker is represented by a 
well-defined structure. Deflection of a whisker 
evokes action potentials in sensory neurons of the 
trigeminal nerve, which release glutamate at a first 
synapse in the brain stem trigeminal nuclei (1), 
subdivided in histologically defined zones termed 
“barrelettes”; the brainstem neurons send sensory 
information to the thalamic nucleus (2): the ventro-
posterior-medial nucleus (VPM) and the higher order 
medial part of the posterior nuclei (POm); VPM 
contains histological compartments called “barreloids” where a second 
glutamatergic synapse excites thalamocortical neurons projecting to the barrel 
cortex (3) (Fig. 5) (Petersen C. C.H., 2007; Feldmeyer D., 2013). 
 This barrel map is partially genetically specified and forms early in development, 
being visible within a few days of birth (the early critical period). The next critical 
period relates to NMDA receptor-dependent plasticity at the thalamocortical 
synapse, during the first postnatal week (Petersen C.C.H., 2007). Indeed, 
postsynaptic NMDARs contribute to the refinement of single berrelette patterns 
(Erzurumlu R. S., 2010). 
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Fig. 5 - Synaptic pathway 
from whisker to barrel cortex. 
(From: Petersen C.C.H., 2007) 
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 1.1.2 - GRIN2A(N615K) mutation: human vs mice 
 NMDARs play important roles in a wide range of pathological conditions, 
indeed inappropriate activation of NMDARs has been implicated in several 
neurological deseases, any disturbance in the number or composition of NMDARs 
has profound effects on neuronal development and activity in humans. Recently, 
pathogenic mutations (chromosome translocation breakpoints; deletions; 
frameshift, missense and non-sense mutations) in genes encoding NMDARs 
subunits (GRIN1, GRIN2A, and GRIN2B) have been identified in human 
neurodevelopmental diseases, such as epilepsy, developmental delay, or 
intellectual disability (Endele S., 2010; Reutlinger C., 2010; Lesca G., 2013; 
Carvill G. L., 2013, Yuan H., 2014). 
 In a girl with early-onset epileptic encephalopathy, Endele S. et al. (2010), 
identified a de novo GRIN2A mutation c.1845C>A predicting the amino acid 
substitution of an evolutionarily conserved asparagine for a lysine (p.N615K) in 
the membrane M2 loop (Fig. 6), leading to a loss of the Mg2+ block and a decrease 
in Ca2+ permeability, that are dominant negative effects on NMDAR function.  
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Fig. 6 - Transmembrane arrangement of NMDAR composed of GluN1 and GluN2A subunits. 
Enlargement highlights the predicted repulsive effect of the positive side chains of p.N615K on 
cation permeability in the pore forming region. (From: Endele S., 2010)
GluN1
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Marta Serafino
 The mutant mice used in this study were generated in a C57BL/6x129Vj 
background, backcrossed to C57BL/6, removing the voltage dependent Mg2+ 
block of GluN2A subunit-containing NMDARs by gene-targeting insertion of the 
N596S mutation in exon 11 of the grin2a gene in mouse embryonic stem cells (at 
a position that is homologous to the human GRIN2A [N615K]), using the Cre-
loxP-system. Accordingly, the name Grin2aS/S for homozygotes and Grin2aN/S for 
heterozygotes is given. Electrophysiological recording in vitro in the hippocampus 
of the Grin2aS/S revealed a significant reduction of the AMPA/NMDA current ratio 
in the presence of 1mM Mg2+ at P42 due to a disruption of the Mg2+ block (data 
not shown, from Niewoehner, 2007). Moreover, LTP at hippocampal SC-CA1 
synapses was significantly enhanced in response to repetitive tetanic stimulation 
of the Schaffer-Collaterall pathway in both Grin2aS/S and Grin2aN/S (Single F. N., 
unpublished data). Actually, electrophysiological recording in vivo revealed a 
reduction of LTP in homozygous mice during free exploratory activity (Bertocchi 
I., personal communication). 
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1.2 Behavioral characterization of mutated mice  
        1.2.1 - Previous test 
 Changes in the NMDA receptor have significant effects on a wide variety of 
behaviors. Many tests were done on Grin2aN/N, Grin2aS/S and Grin2aN/S mice to 
identify specific behaviors related to this mutation, in particular, to provide further 
insights into the role of the GluN2A subunit in spatial learning, to assess the link 
between LTP and memory performance and to investigate the functional role of 
the voltage-dependent Mg2+ block in learning and memory formation at the 
behavioral level (from thesis - Burkhardt T., 2010). 
 Accordingly, all mice were subjected to a battery of tests to assess spatial 
learning and working memory, conditional learning, anxiety, moto-coordination 
and spontaneous locomotor activity. These tests have revealed that Grin2aS/S mice 
exhibited a pronounced impairment in spatial learning and working memory, 
severe cognitive deficits, a significantly lower anxiety levels and an impaired 
motor strength and/or coordination, maybe related to the fact that they are 
reduced in body weight by 25% compared to heterozygous and wild-type mice. 
Moreover, Grin2aS/S mice exhibited increased levels of spontaneous locomotor 
activity and hyperactivity in several tests, that seems to be one of the central effect 
of the mutation (from thesis - Burkhardt T., 2010). 
 Another important particular feature of homozygous, but also of some 
heterozygous mice, was the limb-clasping 
responses. When a rodent is picked up by the 
tail and slowly descending towards a 
horizontal surface, it  extends all four limbs in 
anticipation of contact. Mouse mutants with 
pathologies in various brain regions and the 
spinal cord display instead a flexion response, 
often characterized by paw-clasping and a 
bat-like posture (Lalonde R., 2011), as in  the 
picture of Fig. 1. 
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Fig. 1 - Clasping behavior: Grin2aN/N 
vs Grin2aS/S
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 These phenotypes was observed in mice with lesions in cerebellum, basal 
ganglia, and neocortex, as well as transgenic models of Alzheimer’s disease. A 
parallel has been drawn between paw clasping and hand-wringing displayed by 
patients with Rett syndrome with diffuse lesions in neocortex, basal ganglia, and 
cerebellum. In addition, as a result of neocortical damage, the grasp reflex was 
observed in patients with Parkinson’s and Alzheimer's disease and in patients with 
Lewy body dementia. As with human grasping and placing reflexes and the hand-
winging stereotypy, rodent paw-clasping may be due to a disconnection between 
premotor and motor cortex (Lalonde R., 2011). The underlying mechanism 
appears to include cerebello-cortico-reticular and cortico-striato-pallido-reticular 
pathways, maybe mediated by changes in monoaminergic transmission in these 
brain regions (Lalonde R., 2011). 
 Besides, Grin2aS/S and Grin2aN/S mice showed an impairment in the pregnancy 
success: they were fertile, but not interested in sexual activity and often females 
do not take care of the pups (Bertocchi I., personal communication). 
 Finally, another important feature of the Grin2aS/S mice was that they showed 
seizure induced by an external stimulus (11 kHz tone, 20sec for 4 times), namely 
Audiogenic Seizure (AGS). The AGS in these mice end with the death, unless the 
sound was timely terminated and the mouse resuscitated by breast massage. 
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        1.2.2 - Biology of ADHD: human vs mice 
 Persistent and severe impairment of psychological development resulting from a 
high level of inattentive, restless and impulsive behavior is classified according to 
the DSM-V (Diagnostic and Statistical Manual of Mental Disorders) as Attention-
Deficit/Hyperactivity Disorder (ADHD). 
 Hyperactivity is the most noticeable symptom: children are running and 
climbing excessively, often in very inappropriate situations. Inattention is the 
second symptom: children often fail to give close attention to details and make 
mistakes or have difficulties organizing their tasks and daily activities. Impulsivity 
is the third: children have difficulty waiting their turn and interrupt or intrude on 
others.  
 The onset of the disorder is in early childhood but it often persists into 
adolescence and adult life (Kumperscak H. G., 2013).  
 ADHD is a heterogeneous disorder resulting from complex gene-gene and gene-
environment (pre-, peri-, postnatal factors) interactions (Tripp G., 2009) (Fig. 1).  
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Fig. 1 - Relation between levels of organization. At the top level are symptom lists and criteria for 
diagnosis. At the second level are the 2 most studied cognitive endophenotypes for ADHD. 
Below there are the brain regions showing altered structural or functional properties, and the 
neurotransmitters involved. Underlying these levels are the etiological factors, such as genetic 
polymorphisms (From:  Tripp G., 2009).
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 Stimulant medications were discovered to treat hyperactivity in the 1970s, such 
as amphetamine, that decreased hyperactivity in rodents with dopamine 
depletion. This was the first link between hyperactivity and dopaminergic system, 
shown in the Fig. 2.   
  
  
  
 Associations have been found with polymorphisms in genes that encode the 
dopamine receptor/transporter, and the GluN2A or GluN2B subunits of the 
NMDAR. 
 Recent clinical evidence has implicated glutamate in ADHD, showing increased 
levels of a marker for glutamate in the striatum and anterior cingulate cortex of the 
PFC. Glutamate is the major excitatory neurotransmitter in the central nervous 
system and acts on glutamate receptors: ionotropic (NMDA, AMPA and kainate 
receptors) and metabotropic (mGluRs). Glutamate projections originating in the 
PFC extend to the striatum, NA, VTA and SN of the midbrain (Fig. 2) (Miller E. M., 
2013).  
 A dysfunctional interaction between the dopamine and glutamate systems has 
been implicated in numerous neuropsychiatric disorders such as Alzheimer’s 
disease and ADHD. 
 The brain regions most often linked to these disorders and the dopamine-
glutamate dysfunction are the PFC and Striatum, as these regions both receive 
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Fig. 2 - Modulatory dopaminergic neurons (blue) project to the dorsal striatum via the substantia 
nigra (SN, A9) and the ventral striatum and prefrontal cortex (PFC) via the ventral tegmental area 
(VTA, A10) in the rodent brain. From the striatum, inhibitory GABA neurons (green) extend to 
multiple regions including the thalamus, which has reciprocal excitatory glutamate connections 
(red) to the striatum, as well as connections to the PFC. Prefrontal cortical efferent excitatory 
glutamate neurons extend to the striatum, nucleus accumbens (NA), SN and VTA (From: Miller E. 
M., 2013).
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innervation from the dopaminergic SN/VTA and glutamate innervation from 
thalamic relays and other glutamate regions. Studies of signaling interactions 
between the two systems demonstrate that the NMDA receptor is crucial in 
activating dopamine neurons in the VTA/SN and PFC because they work in 
tandem to create a balance of neurotransmission in these regions (Fig. 3) (Miller E. 
M., 2013). 
 Numerous studies have reported reduced brain volume in patients with ADHD, 
particularly the cortical thickness, caudate nucleus, globus pallidus, corpus 
callous, prefrontal cortex. Moreover, neuroimaging studies demonstrated 
functional abnormalities in dorsal and inferior frontal cortex, anterior cingulate 
cortex, basal ganglia, thalamus and cerebellum, regions involved in attention, and 
executive and inhibitory control (Russel V. A., 2011). 
 Animal models help to simplify and promote the understanding of disorders. 
Several animal models of ADHD have been proposed: with distinctly different 
neural defects, developed through genetic manipulation, or animals who received 
an insult to the central nervous system during the early stages of development. The 
difficulty, however, lies in translating clinical descriptions of the core symptom of 
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Fig. 3 - Dopaminergic and glutamatergic synapses in the PFC: Left: pre-synaptically, dopamine is 
transported into vesicles, which release their contents upon increase of the Ca2+ concentration. 
Synaptic dopamine is then able to stimulate dopamine receptors on both the pre- and 
postsynaptic neurons. Right: presynaptically, glutamate is stored in vesicles and then released 
into the extracellular space. Synaptic glutamate is then able to stimulate glutamate receptors (as 
the NMDA and mGluR) on both the pre- and postsynaptic neurons (From: Miller E. M., 2013).
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ADHD into operationally defined behaviors with clear experimental analogs by 
which measure attention deficit, hyperactivity and impulsivity (Russel V. A., 2011). 
Disruption of Grin2A causes in mice increased metabolism of dopamine and 
serotonin in the frontal cortex and striatum, and impaired spatial learning, 
because of disinhibition of the GABAergic input (Miyamoto et al. 2001). In 
addition, these mice exhibited additional increases in locomotor activity, 
regulated by the monoaminergic neuronal system, that was attenuated by 
dopamine or serotonin receptor antagonists. Moreover, cognitive function, 
including selective attention, spatial learning and contextual learning, is impaired 
in Grin2A mutant mice. This impairment may be attributable to the increased 
dopaminergic neuronal activity (Miyamoto et al. 2001) and/or to both GluN2A 
and GluN2B subunits contribution to induction of LTP specially in the SC-CA1 
hippocampal circuitry, involved in aspects of learning and memory (Jensen V., 
2009).  
 The postnatal developmental increase in GluN2A subunits is known to 
contribute to changes in NMDAR current kinetics, but the presence of defined 
GluN2 subunits is important for plastic changes due to differential activation of 
subtype-specific pathways. ADHD in human manifests itself during development. 
The GluN2A gene polymorphisms observed in ADHD patients might lead to 
NMDAR-mediated dysfunctions (Faraone S. V., 2010). 
 For more than 70 years, the use of monoaminergic psychostimulants has been 
the preferred ADHD treatment, mostly methylphenidate (MPH) and amphetamine 
(AMPH), plus the catecholaminergic nonstimulant atomoxetine (ATX). These 
medications are generally believed to exert their therapeutic effects by increasing 
the availability of monoamines in the synapse either reducing their uptake rates or 
promoting reverse efflux as a result of interactions with monoamine transporters 
on the plasma membrane. Notably, not all patients respond to these treatments 
(Leo D., 2013). 
 Currently only MPH and ATX are approved for the treatment of ADHD in Italy. 
Drug treatment should always be part of a comprehensive plan that includes 
psychosocial, behavioral and educational advice and interventions (Curatolo P., 
2010). 
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1.3 Audiogenic Seizures 
        1.3.1 - Auditory system in mice 
 The auditory system is formed by groups of neurons that are directly or indirectly 
connected by axons to the auditory part of the inner ear.  
 Sound waves are transmitted mechanically through the outer and middle ear to 
the sensory hair cells of the organ of Corti, in the cochlear partition of the inner 
ear. Receptor potentials set up in the sensory hair cells causes action potentials to 
be initiated in the innervating cochlear nerve fibers. These fibers transmit the 
auditory signals to the brainstem by way of the auditory nerve. All fibers of the 
auditory nerves undergo obligatory synaptic interruption by terminating as 
synaptic endings in the cochlear nucleus.  
 The ascending auditory tracts converge in the auditory midbrain and in the 
inferior colliculus (IC), which is a major relay nucleus along the route to the 
auditory cortex. The Medial geniculate body (MG) in the thalamus receives its 
major source of ascending inputs from the IC. It is the last opportunity for auditory 
signals to be processed before they reach the auditory cortex (AC). Thus, the MG 
projects to the AC, which in turn sends massive projections back.  
 There can be as few as four synaptic interruptions in this ascending trajectory. 
Moreover, there are multiple stages of convergence in the auditory pathways, 
including pathways from other neuronal systems. In addition, there are at least 
seven commissures that add to the complexity of organization of the central 
auditory system (Fig. 1) (Malmierca M. S., 2012). 
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Fig. 1 - Ascending auditory pathways of the mouse. 
CNC & SOC: Coclear nuclear complex and  Superior olivary complex; das: Dorsal acoustic stria; 
DC: Dorsal cochlear complex; h: High frequency region; l: Low frequency region; ll: Lateral 
lemniscus: LSO: Lateral superior olive; MSO: Medial superior olive; MTz: Medial nucleus of the 
trapezoid body; SPO: Superior paraolivary nucleus; tz: Trapezoid body (ventral acoustic stria); 
VC: Ventral cochlear complex;  VTz: Ventral nucleus of the trapezoid body. NLL: Nuclei of the 
lateral lemniscus; VLL: Ventral complex of the lateral lemniscus; DLL: Dorsal nucleus of the 
lateral lemniscus; cll: Commissure of the lateral lemniscus. IC: Inferior colliculus; CIC: Central 
nucleus of the inferior colliculus; cic: Commissure of the inferior colliculus; DCIC: Dorsal cortex 
of the inferior colliculus; ECIC: External cortex of the inferior colliculus; h: High frequency 
region; bic: Brachium of the inferior colliculus. MG: Medial geniculate body; MGD: Dorsal 
division of the medial geniculate body; MGM:  Medial division of the medial geniculate body; 
MGV:  Ventral division of the medial geniculate body; PIL: Posterior intralaminar nucleus; PP: 
Peripeduncular nucleus; Rt: Auditory sector of the reticular thalamic nucleus. AC: Auditory 
cortex; A I: primary auditory field; A II: secondary auditory field; AFF: anterior auditory field; DP: 
dorsoposterior field; UF: ultrasonic field (From: Malmierca M. S., 2012). 
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 Parallel to the ascending pathways, there are a series of descending projections 
extending from the AC to the organ of Corti. The descending auditory system 
should be considered as both a descending chain and a series of regional 
feedback loops (Fig. 2) (Malmierca M. S., 2012). 
  
 The descending chain is composed of three steps:  
1. The AC gives off four descending tracts: cortico-thalamic, cortico-tectal, 
cortico-pontine, and cortico-bulbar. The cortico-thalamic projection forms 
reciprocal and non-reciprocal connections between the AC and MG. The 
cortico-tectal projection terminates in the IC. The cortico-pontine 
projections originate in the AC and terminate in a topographic pattern that 
resembles the one arising from somatosensory and visual cortices. The 
cortico-bulbar projections terminate in and around the superior olivary 
nuclei and cochlear nucleus. 
2. The fibers arising from the IC. These fibers constitute a colliculo-olivary 
and colliculo-cochlear nuclear projection. The colliculo-olivary fibers arise 
from the ECIC and the ventral part of the CIC. The fibers terminate on the 
periolivary medial olivocochlear cells, which supply the OHCs, and 
probably on lateral olivocochlear cells which supply the IHCs.   
3. The olivocochlear system constitutes the efferent innervation of the 
cochlea. In addition, the series of feedback loops comprise cortical 
projections to subcortical nuclei that project back to the cortex, directly or 
indirectly, allowing it to control its inputs from lower centers.  
 The mouse AC projects to a wide range of subcortical targets in the auditory 
pathway. The projections to the auditory thalamus and midbrain are the largest, 
but there are also projections to sub-collicular nuclei, including superior olivary 
complex, cochlear nuclear complex and pontine nuclei. The AC also supplies the 
amygdala, basal ganglia, striatum, superior colliculus and the central gray, 
suggesting that the AC has important roles not only in auditory sensory processing, 
but also in motor behavior, autonomic function and state dependent responses. 
Thus, a key role for this system may be to modulate subcortical sensory maps in 
response to sensory experience. 
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Fig. 2 - Descending auditory pathways of the rat. 
Cochlea: IHC: Inner hair cell; OHC: Outer hair cells; ocb: Olivocochlear bundle; 8cn: Cochlear 
root of the vestibulocochlear nerve. CNC & SOC: Coclear nuclear complex and  Superior olivary 
complex; DC: Dorsal cochlear complex; LOC: Lateral olivocochlear system; LSO: Lateral 
superior olive; MOC: Medial olivocochlear system; MSO: Medial superior olive; MTz: Medial 
nucleus of the trapezoid body; SPO: Superior paraolivary nucleus; tz: Trapezoid body (ventral 
acoustic stria); VC: Ventral cochlear complex;  VTz: Ventral nucleus of the trapezoid body. NLL: 
Nuclei of the lateral lemniscus; VLL: Ventral complex of the lateral lemniscus; DLL: Dorsal 
nucleus of the lateral lemniscus; cll: Commissure of the lateral lemniscus. IC: Inferior colliculus; 
CIC: Central nucleus of the inferior colliculus; cic: Commissure of the inferior colliculus; DCIC: 
Dorsal cortex of the inferior colliculus; LCIC: Lateral cortex of the inferior colliculus; h: High 
frequency region; bic: Brachium of the inferior colliculus. MG: Medial geniculate body; MGD: 
Dorsal division of the medial geniculate body; MGM:  Medial division of the medial geniculate 
body; MGV:  Ventral division of the medial geniculate body; PIL: Posterior intralaminar nucleus; 
PP: Peripeduncular nucleus; Rt: Auditory sector of the reticular thalamic nucleus. AC: Auditory 
cortex; A I: primary auditory field; A II: secondary auditory field; AFF: anterior auditory field; DP: 
dorsoposterior field; UF: ultrasonic field. Cc: Corpus callosum  (From: Malmierca M. S., 2012). 
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1.3.2 - Inferior colliculus, audiogenic seizures (AGS) 
and SUDEP  
  
 The IC is a prominent midbrain structure that is visible on the dorsal surface of 
the brain wedged between the cerebral hemispheres and the cerebellum. The IC is 
characterized by a convergence of ascending inputs that arise from numerous 
lower auditory centers as well as descending projections from the AC. It also 
receives non-auditory inputs from the somatosensory system, suggesting complex 
multimodal processing.  
 It is composed by a central nucleus (CIC) covered by a dorsal cortex (DCIC) and 
an external cortex (ECIC). 
 The CIC receives ascending projections that originate in the VC and DC contra-
laterally, VLL and MSO ipsilaterally, and DLL and LSO bilaterally; the DCIC 
receives a similar set of inputs as the CIC. In addition, the DCIC and ECIC receive 
input from the AC bilaterally, together with many other non-auditory structures. 
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Fig. 3 - Topographical schema of a frontal section through the IC with afferent/efferent projections 
for each nucleus (Adapted from: Ouda L., 2012). 
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 The ECIC receives somatosensory input from the spinal cord, dorsal column 
nuclei, and spinal trigeminal nuclei.  
 The CIC projects to the ventral division of the MG in the thalamus in a tonotopic 
manner, largely to the ipsilateral side, but also with a minor crossed component; 
the DCIC projects to the dorsal division of the MG; whereas, the ECIC project to 
the dorsal and medial divisions of the MG. Thus, projections from the three 
subdivisions of the IC overlap in the MG, which constitutes the main auditory 
center of the thalamus but also the last stage of subcortical auditory processing in 
the ascending pathway (Fig. 3 - Adapted from: Ouda L., 2012). 
 The majority of neurons that project from the CIC to the MG use glutamate as a 
neurotransmitter, but there is a population of projecting neurons containing 
GABA. Studies in vivo have demonstrated that both GABA and glycine inhibit IC 
neurons in several species (Ito T., 2012) (Fig. 4). 
 Both AMPA and NMDA receptors are involved in the maintenance of the 
response during stimulation and in maintaining the firing of CIC neurons in 
response to dynamically changing acoustic stimuli. Furthermore, AMPA receptors 
seem to be important at response onset. 
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Fig. 4 - A schematic diagram of the basic IC circuit. Large GABAergic neurons (1) receive strong 
excitatory inputs on their somata, send their axons to the MGB, and presumably inhibit tufted or 
stellate neurons in the MGB. Small GABAergic neurons (2) do not target MGB. Glutamatergic 
neurons (3,4) project to the MGB. Red puncta indicate excitatory glutamatergic terminals. Blue 
puncta indicate inhibitory (GABAergic and glycinergic) terminals (From: Ito T., 2012).
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 Since the beginning of the research on audiogenic seizures (AGS), it seemed 
logical that acoustic areas should be involved in the basic mechanisms of AGS. 
Among the brainstem auditory structures, the IC has been shown to be the key 
point necessary for the initiation of AGS. Several laboratories have shown that 
bilateral IC lesions, as well as lesions affecting the transition between LL and IC, 
completely blocked seizure expression in mice. The IC central nucleus is the 
critical area for the onset of AGS, whereas the IC cortex, with own intrinsic 
epileptogenicity, is one of the most critical regions for the sensorimotor 
transduction (Garcia-Cairasco N., 2002). 
 Although the IC appears the most critical part of the acoustic midbrain in the 
pathway of AGS, some other areas are needed to transduce sensory in motor 
information (Fig. 5). The integrity of the IC vs Superior Colliculus projections is 
important for the sensorimotor transduction needed for adaptive responses and 
pathological conditions, such as AGS. In addition, non-acoustic structures 
confined to the brainstem, such as the brainstem reticular formation (BRF), the 
periaqueductal gray (PAG), and the substantia nigra lateralis, have been shown to 
be critically involved in the AGS network; for example, the ventrolateral PAG is 
involved in the modulation of AGS through a complex mechanism mediated by 
NMDA, GABA and opiates, and upon excessive neuronal firing it projects via 
reticula-spinal pathways to trigger motor convulsion (Garcia-Cairasco N., 2002). 
The amygdala is considered an important brain region involved in the spread of 
AGS from the brainstem to the forebrain, especially after kindling. Indeed, the 
auditory pathway and particularly the medial geniculate body, which play a major 
role in the genesis of AGS, are reciprocally connected with the amygdala, both 
morphologically and functionally (Hirsch E., 1997). 
 Direct brainstem or spinal cord stimulation can induce tonic muscular activity, 
resembling the tonic convulsive component of generalized tonic-clonic seizures 
(GTCS). In addition, the stereotypical and coordinated four limb generalized tonic 
and clonic motor movements seen during GTCS are proposed to be due to 
excessive activation of the normal locomotor network that lies primarily in the 
brainstem and in the spinal cord. Thus, it has been proposed that generalized 
convulsive movements involve the recruitment of the normal locomotion network 
into the epilepsy network, which mediates GTCS (Faingold C. L., 2012). 
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 The “two hit” hypothesis is proposed to be the most common cause of human 
epileptic syndromes. Thus, a genetic predisposition is the first “hit”  whereas an 
inducing event, such as a brain injury or an infection, represents the second “hit” 
that triggers the onset of the epileptic syndrome (Faingold C. L., 2012).  
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Fig. 5 - (1) From auditory periphery. Brainstem substrates of AGS depend on cochlear hair cells 
function, impacting eight nerve fibers and the corresponding cochlear nuclei and superior olive 
complex neurons. (2) LL and IC connections are critical for the expression of the rostralmost 
midbrain auditory part of these circuits. (3) Sensorimotor transduction or integration are made in 
IC-SC connections, modulated by IC-PAG and nigro-tectal pathways. Nigro-thalamic and nigro-
tegmental connections are also involved in brainstem-diencephalon connections. (4) Raphe-
hippocampus connections as well as amygdala-pontine nucleus connections close some 
brainstem-forebrain-brainstem loops, important for behavior and control of brain excitability. (5) 
Only for audiogenic kindiling: Activity-dependent plasticity is expressed in amplified pathways 
such as medial geniculate-cortex, medial geniculate-amygdala connections, as well as in 
amygdala-piriform cortex, amygdala-hippocampus and amygdala-cortex, among others. (6) 
Efferent motor systems (From: Hirsch E., 1997).  
NISSL stained sagital sections digitally enhanced using Painter 5.0 (metacreations) and 
Photoimpact (U-lead) programs and Wacomdigiting tablet and pen by Garcia-Cairasco N., 2002
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 The mechanisms that mediate convulsive seizures have been studied in a variety 
of animal models. AGS in mice begin with wild running, which could be rapidly 
followed by tonic convulsions, tonic hind limb extension, and eventually by post-
ictal depression of consciousness and death (Fig. 6) (Faingold C. L., 2012). 
 As seen before, the IC is the initiation site for AGS. Neurons in the deep layers of 
the superior colliculus (DLSC) are the major non-primary auditory receivers of IC 
output and are strongly implicated in triggering the wild running phase of AGS. 
The DLSC projects to the spinal cord either directly or via the pontine BRF and 
PAG, and also to the substantial nigra reticulata (SNr). PAG neurons are implicated 
in the initiation of the tonic-clonic phases of AGS; they receive inputs form the 
DLSC and project directly and indirectly to the spinal cord. In addition, PAG 
neurons displayed tonic neuronal firing pattern during the wild running and tonic 
hind-limb extension phases of AGS. Neurons of the pontine BRF are implicated in 
triggering the tonic phase; at the onset of AGS their firing rate increases 
dramatically until the tonic phase of the seizure began (Fig. 7) (Faingold C. L., 
2012). Bilateral lesions of the inferior colliculi, lateral lemniscus and the 
connections between these structures blocked AGS expression mice. In addition, 
the wild-run and tonic convulsions are mediated by two different kinds of 
glutamate receptors, NMDA and AMPA, involved in these two stages of the AGS 
(Poletaeva I. I., 2011). 
 CNS neuronal networks that mediate specific “single” physiological functions, 
such as hearing, can interact with other networks to produce many normal brain 
functions, and such network interactions can also result in CNS disorders (e.g., 
epilepsy). The interactions between different networks can be competitive or 
cooperative as well as acute or chronic, and may involve sequential and/or 
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Fig. 6 - Composite behavioral activity in mice seen during each seizure (From: Faingold 
C. L., 2012).
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simultaneous network activation.  An example of sequential network interaction is 
the interaction of the auditory network and the locomotion network that occurs in 
AGS. Network interactions can also result in negative effects that have been 
observed in certain types of human epileptic seizures, including that seen in 
sudden unexpected death in epilepsy (SUDEP) (Faingold C. L., 2012). 
 SUDEP is a fatal spontaneous epileptic event, accounting for up to 20% of 
deaths in patients with refractory epilepsy. A recent retrospective study 
(MORTEMUS: MORTality in Epilepsy Monitoring Units Study) observed a 
consistent pattern of respiratory/cardiac dysfunction in SUDEP patients: rapid 
breathing after generalized tonic-clonic seizures followed by cardiorespiratory 
dysfunction, which, in many cases, led to apnea, followed by cardiac arrest (Feng 
H-J., 2015). 
 Many inbred and gene knock-out mouse strains (DBA/1 and DBA/2) exhibit 
susceptibility to AGS, and in many of these mouse strains the seizure can be fatal. 
As seen before, poor seizure control or an increased frequency of generalized 
tonic-clonic seizures (GTCS) are a major risk factors but also multiple factors may 
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Fig. 7 - Changes in Nuclear Dominance during AGS. The IC firing is greatest during AGS 
initiation, while the greatest increase in DLSC neuronal firing occurs just prior to the appearance 
of wild running. The greatest increase in PAG, SNr, and BRF neuronal firing occur during the 
tonic and clonic phase(s). The BRF is the major area active during post-ictal depression of 
consciousness, and may be indicative of the critical role of the BRF in maintaining “vegetative” 
cardiac and respiratory functions before death (Faingold C. L., 2012).
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be involved in causing SUDEP, such as cardiac, respiratory and autonomic (So E. 
L., 2008). The molecular mechanisms underlying it are poorly understood. 
Abnormal function of several types of ion channels and neurotransmission system 
may contribute to the occurrence of SUDEP. In addition, deficits of serotonin (5-
HT) neurotransmission play an important role in the pathogenesis of RA and can 
result from an abnormal expression of 5-HT receptors in the brainstem of mutated 
mice (Feng H-J., 2015). In humans, the subcortical structures located in the upper 
brainstem, known as the ascending arousal system (AAS), are involved in the 
control of arousal and consciousness. This system is composed of neurotransmitter 
- specific nuclei, including the raphe nuclei (5-HT). If a seizure propagates into 
the brainstem and affects these nuclei, it could alter a patient’s level of 
consciousness by the inhibition of AAS mediated by GABA-releasing interneurons. 
This system has a descending component that increases the neuromodulatory tone 
of neurons involved in cardiovascular, respiratory and autonomic control, as well 
as in locomotion and other functions of the hindbrain and spinal cord. Indeed, the 
suggested 5-HT dysfunction in SUDEP is consistent with the well-known critical 
role of this neurotransmitter in control of breathing through the 5-HT neurons 
projection versus the solitary tract, nucleus ambiguus, pre-Botzinger complex, 
retrotrapezoid nucleus and other regions of the lower brainstem, as in fig. 8 
(Massey C. A., 2014). 
 The incidence of death can be reduced or prevented by respiratory support, 
enhanced oxygen, or drugs that enhance respiration or inhibit the seizure, due to 
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Fig. 8 - Anatomical distribution of brainstem nuclei involved in cardiorespiratory control. 
A seizure in the forebrain activates pathways that lead to dysfunction of brainstem nuclei 
critical for cardiorespiratory control. Seizure spread into the brainstem also disrupts both 
ascending and descending arousal systems (From: Massey C. A., 2014). 
Marta Serafino
the fact that seizures con have a strong effect on breathing which ca be fatal, 
especially in mouse models (Massey C. A., 2014).  
 The negative sequential network interaction is thought to involve activation of 
the sound-induced generalized convulsive seizure network that causes disruption 
of the normal respiratory network, with possible effects on cardiovascular 
networks. So, bradycardia and systole might be secondary to hypoxia due to 
hypoventilation. This network interaction leads directly to respiratory arrest 
immediately following the seizure (Fig. 9), which results in sudden death 
associated with subsequent cardiac failure, mechanisms proposed to be a major 
cause for human SUDEP (Faingold C. L., 2012). 
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Fig. 9 - Diagram of network interactions involved in AGS that are postulated to 
occur in the DBA mouse models of human sudden unexpected death in epilepsy 
(SUDEP), which exhibit AGS, leading to death due to respiratory depression. 
The diagram of elements of the normal network for respiration is shown in Panel A. 
The diagram of the AGS network is shown in Panel B. DBA mice that exhibit severe 
AGS exhibit post-ictal depression of consciousness. The depression of 
consciousness is postulated to lead to BRF suppression, which produces a negative 
electrophysiological and neurochemical network interaction between the seizure 
network and the respiratory network. This leads to respiratory arrest and SUDEP, 
associated with subsequent cardiac failure. The latter events are believed to model 
a major cause of human SUDEP.  
Abbreviations: rVRG = rostral ventral respiratory group, PBC = pre-Bötzinger 
complex, BC = Bötzinger complex, NTS = nucleus tractus solitarius (From: Faingold 
C. L., 2012).
Marta Serafino
1.3.3 - Gene expression and apoptosis in neurons 
and astrocytes after seizures 
 Epileptogenesis is a complicated phenomenon involving synaptic plasticity, 
which plays an important role in almost every ongoing brain process and requires 
activation of complex mechanisms such as those that trigger the activity of 
immediate early genes (IEGs) and the synthesis of specific proteins involved in 
synaptic reorganization. Given that changes in gene expression have been 
observed during the course of epileptogenesis (Szyndler J., 2013), c-Fos and arc 
(arg3.1) are IEGs that are believed to play an important role in this process. 
 The proto-oncogen c-fos gene is the cellular homolog of the oncogene (v-fos) 
carried by the FBJ and FBR murine osteogenic sarcoma viruses. It encodes for a 
nuclear protein, FOS (FBJ Murine Osteosarcoma Viral Oncogene Homolog), that is 
associated with chromatin and exhibits a DNA-binding activity in vitro. In most 
cell types, the basal level of c-fos expression is relatively low, implying that c-fos 
may play a role in the normal physiology of the nervous system. However, it can 
be induced rapidly and transiently by a diverse range of extracellular stimuli; 
agents or conditions that provoke a voltage dependent calcium influx are potent 
inducers of c-fos (Morgan J. I., 1987). For example, glutamate-induced activation 
of c-fos is mediated through NMDARs in cerebellar neurons, in primary cultures 
of hippocampal neurons and in cortico-striatal neuronal cultures (Herrera D. G., 
1996). c-FOS has been utilized as a marker of repetitive neuronal activation. 
Seizure-induced c-fos expression has been used to identify the brain structures 
involved in AGS and in other seizure types (Klein B.D., 2004). c-Fos 
immunoreactivity in brain mice, 2 h following AGS, is observed in the brainstem 
and thalamic nuclei; specifically, moderate to heavy, in the periaqueductal gray, 
external and dorsal nuclei of the inferior colliculus, the deep gray layers of the 
superior colliculus, superior lateral portion of the lateral parabrachial nucleus, the 
cuneiform nucleus, and the peripeduncular and posterior intralaminar thalamic 
nuclei. So, the pattern of c-FOS immunoreactivity observed following AGS 
stimulation suggests that an inferior colliculus initiated brainstem seizure network 
underlies AGS, as in fig. 10 (Klein B.D., 2004). In addiction, because c-Fos 
appears after seizure, it is possible the it is involved in the long-term adaptive 
response to convulsion (Morgan J. I., 1987). 
 34
Marta Serafino
 35
Fig. 10 - Nuclei of c-FOS expression after seizure. PAG: periaqueductal gray, DCIC: dorsal 
nuclei of the inferior colliculus, SuG: deep gray layers of the superior colliculus, LPB: lateral 
parabrachial nucleus, CnF: cuneiform nucleus, PP: peripeduncular nucleus, PIL: posterior 
intralaminar thalamic nucleus.
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 Equally, arc (activity-regulted cytoskeleton-associated protein) is expressed as an 
IEG, so transcription is strongly induced by intense neuronal activity in the same 
areas of c-fos during AGS and with the same signaling pathways.  
 Newly synthesized Arc mRNA is transported throughout dendrites and localizes 
selectively near active synapses. This localization depends on activation of NMDA 
receptors (Steward O., 2015). Indeed, NMDAR antagonists block the formation of 
Arc mRNA in the activated neurons, so NMDAR activation is both necessary and 
sufficient of arc induction. Effectively, the trafficking of Arc mRNA involves several 
distinct steps and NMDAR activation is required for two of these steps: 1) activity-
mediated induction of gene expression (NMDAR dependent); 2) transport of the 
newly synthesized mRNA from the neuronal cell body into dendrites; 3) docking 
of the mRNA at activated synapses (NMDAR dependent) (Steward O., 2001). 
 The pathways involved in c-fos and arc induction can be briefly summarized as a 
prototypical example of activity-dependent neuronal gene transcription. Neuronal 
depolarization leads to increased intracellular levels of the second messengers 
cAMP (following neurotransmitter binding to G-protein coupled receptors) and 
Ca2+ (following glutamate binding to NMDAR). Both these two second messengers 
activate PKA (protein kinase A) and ERK (extracellular-regulated kinase) whose 
activity converges on the phosphorylation of the transcription factor CREB (cAMP 
response element binding protein, constitutively present in the nucleus). In turn, 
CREB-P activates c-fos and arc transcription, as in Fig. 11 (Bozzi Y., 2011; Korb E., 
2011). Also dopamine and serotonine receptors act on the cAMP/PKA pathway, 
modulating IEGs induction in response to excitatory glutamatergic stimuli 
resulting from seizure activity.  
 Several studies have addressed the role of IEGs in seizure-induced cell death. 
The main mechanism by which neurons die after seizures is excitotoxicity due to 
prolonged over-activation of ionotropic glutamate receptors. The prolonged 
activation of the IEGs c-fos and c-jun after acute seizure was originally proposed 
as one of the crucial steps that trigger neuronal death because, in physiological 
conditions, they are essential for normal neuronal responses to excitation in the 
brain. Actually, only Jun transcriptional activity causes apoptotic neuronal cell 
death after seizure, through the intrinsic pathway of apoptosis. However, seizure 
can also activate caspase-indipendent apoptosis pathway in the brain. Here, 
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calpain is thought to be critical because it is viewed as a critical coordinator of 
NMDA-calcium-dependent signaling pathway underlying neuronal death, 
responsible for triggering AIF (apoptosis-inducing factor) release during 
excitotoxicity (Bozzi Y., 2011). The degree of NMDAR-dependent excitotoxicity is 
related to the magnitude and duration of synaptic and extra synaptic NMDAR 
coactivation (Zhou X., 2013). 
 Development of an epileptic seizure requires physiological changes that lead to 
both heightened neuronal excitability and abnormal synchronization of discharge 
within the affected neuronal network. Astrocytes have been recognized as active 
partners in neural information processing. These cells express a similar spectrum 
of ion channels and transmitter receptors as neurons. They modulate neuronal 
activity, synaptic transmission, and behavior by releasing chemical transmitters in 
a process termed gliotransmission. The intimate morphological and physiological 
interconnection between astrocytes and neurons gave rise to the concept of 
tripartite synapses. In the healthy brain, astrocytes mediate glutamate reuptake 
and regulate the ionic environment and interstitial volume. Although 
gliotransmission is well known to undergo extensive morphological and 
physiological changes that modify these functions, the implications for epilepsy 
are just emerging. The sphere of influence of a modest cluster of astrocytes 
mediate highly local neuron synchrony, as during a seizure. 
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Fig.11 - Signaling pathway acutely activated in neurons 
following seizure.
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 Seizures can cause astrocytic glutamate release though Ca2+-dependent 
exocytosis. This can influence the strength of synaptic transmission at nearby 
synapses. Indeed, gliotransmission regulates the trafficking and surface expression 
of the neuronal NMDAR subunits GluN2A and GluN2B: the astrocytic regulation 
of extracellular adenosine and A1R (adenosine A1 receptor) signaling causes a Src 
family tyrosine kinases-dependent phosphorylation of the GluN2A and GluN2B 
subunits which regulates endocytosis of these receptors. With the activation of the 
A1R pathway, increased tyrosine phosphorylation of the GluN2A subunits reduces 
the rate of endocytosis, leading to larger NMDA receptor component of synaptic 
transmission (Deng Q., 2011). The regulation of NMDAR trafficking directly 
influences epileptiform discharges in situ and seizure susceptibility in vivo 
(Clasadonte J., 2013). Further, Ca2+-evoked glutamate release from a strongly 
depolarized astrocyte acts on presynaptic NMDA receptors to increase the 
probability of transmitter release (Wetherington J., 2008). 
 Alterations in this glia-derived excitatory pathway in concert with impaired 
glutamate uptake, might increase excitability of the neuron-astrocyte network, 
favor neuronal synchronization and ultimately predispose neurons to seizures. It 
has been shown that during epileptiform activity, the frequency of Ca2+ 
oscillations is significantly enhanced and can be decreased by anticonvulsant 
drugs, suggesting that astrocyte hyperactivity promotes excessive neuronal 
synchronization (Seifert G., 2013). Moreover, excessive activation of NMDAr in 
oligodendrocytes triggers excitotoxic cell death, due to Ca2+ overload and 
mitochondria dysfunction (Cao N., 2013), therefore affecting white matter 
content. 
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1.3.4 - Memantine rescue 
 Memantine (1-amino-3,5-dimethyl-adamantane) is an uncompetitive 
extrasynaptic NMDAR antagonist with therapeutic potential in numerous CNS 
disorders. It has been hypothesized that its mechanism of NMDAR inhibition 
allows physiological activation of the receptors while inhibiting pathological over-
activation. It is classified as an Open Channel Blocker because it can enter the 
channel and block current flow mediated by both synaptic and extra synaptic 
NMDAR, only after channel opening, as in Fig. 12 (Johnson J. W., 2015). 
 In addiction to the treatment of Alzheimer’s disease, it shows promising effects 
when used to treat other diseases associated with excessive NMDAR activation in 
the central nervous system, including epilepsy. Its prophylactic anticonvulsive 
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Fig. 12 - NMDAR and Memantine interaction. (a) Two nearly complete X-ray crystal 
structures of NMDARs composed of GluN1 and GluN2B subunits. Here, one of the 
structures (Protein Data Bank (PDB) code 4TLM) is shown with a red dot at the likely 
approximate location of memantine binding sites. The black box indicates the area of the 
receptor blown up in (b). (b) Top, the structure of memantine. Bottom, a view of the 
channel region of an NMDAR composed of GluN1 and GluN2A subunits with memantine 
blocking the channel (From: Johnson J. W., 2015).
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action has been demonstrated in different experimental states induced in animals 
and in humans (Vataev S. I., 2010). In particular, memantine shows clinical safety 
and efficacy derived by its ability to bind only to open channels; the tendency to 
inhibit faster, or with higher affinity, at higher agonist concentrations; the relatively 
fast unblocking kinetics; the relatively strong voltage dependence; the ability to be 
trapped in some but not all receptors; and the ability to inhibit at two different 
sites of NMDAR, because its binding site overlaps with the Mg2+ binding site, so 
Mg2+ competes with the drug for binding to NMDAR channels (Jhonson J. W., 
2006). Furthermore, it is well tolerated and with few side effects, despite having a 
slow clearance (Parsons C. G., 1999). 
 Lately, special attention was aimed to investigate the effects of memantine as a 
treatment for several childhood-onset epilepsy syndromes and early-nest epileptic 
encephalopathy, in particular the pathologies caused by GRIN2A mutations 
(N615K, L812M) (Hani A. J., 2015; Pierson T. M., 2014). 
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     1.4 - ADHD and epilepsy comorbidity 
Children with epilepsy have an increased prevalence of mental health disorders 
that include ADHD, mood and anxiety disorders, autistic spectrum disorder and 
conduct problems. These issues have been demonstrated repeatedly in 
epidemiological and clinical studies in which emerged that ADHD in children 
with epilepsy is associated with a distributed pattern of anatomic abnormality 
involving the cortex and subcortical structures such as reduced cortical thickness 
in bilateral areas of the frontal, parietal, and temporal lobes, significantly smaller 
subcortical volumes of the caudate, thalamus, hippocampus and brainstem. In 
summary, a common comorbidity ADHD-epilepsy is associated with thinning of 
cortical regions and diminution of subcortical structures related to attention, 
executive function and sensorimotor networks. (Loutfi K. S., 2011; Socanski D., 
2013; Saute R., 2014; Kanazawa O., 2014) 
The function of neural circuits depends on the precise connectivity between 
populations of neurons. Disruptions in the formation or function of excitatory or 
inhibitory synapses lead to excitation/inhibition (E/I) imbalances, which 
characterize several psychiatric and neurodevelopmental disorders. 
Pilocarpine rat model of epilepsy affords a system for reproducing and studying 
mechanisms of comorbidity between epilepsy and both ADHD. Epilepsy was 
induced in male Wistar rats via pilocarpine status epilepticus: the animals 
exhibited chronic ADHD-like abnormalities, particularly increased impulsivity 
and diminished attention. These impairments correlated with the suppressed 
noradrenergic transmission in locus coeruleus-PFC pathway. Moreover, the up 
regulation of NMDA and down-regulation of GABA receptors in frontal/prefrontal 
cortex lead to chronic perturbations in excitability occurring in this area. (Pineda 
E., 2014) 
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2. MATERIALS AND METHODS  
2.1 Animals 
 The subjects analyzed consisted of age-matched adult (> 2 months old), male 
and female mice, wild-type (Grin2aN/N), homozygous (Grin2aS/S) and heterozygous 
(Grin2aN/S) for the Grin2A(N596S) mutation. Mice were bred and housed 
individually or in groups of 2-5 same sex, and had ad libitum access to food and 
water. A 12-hr dark-light cycle was maintained and all testing took place during 
the light phase. Group sizes varied across the experiments, and are mentioned in 
the respective following sections. 
 2.1.1 - Genotyping by PCR 
 When mice were 2 weeks of age, their tail’s tip were cut and, to obtain genomic 
DNA, treated with NaOH (300 µl, 50mM, 98°x 1hr) and subsequently with 
TrisHCl (30µl, 1M, pH 8) and centrifuged (13000rpm x 7’). Tail DNA was 
genotyped by PCR with the following oligonucleotide primers: 
  2A-TM3 do:      GTG   TGG   GCC   TTC   GC(CT)Y   GTC 
  2A-IN11UP1:    CAT    ATA    TAG    CAT    TGG      AG 
 PCRs were performed with a denaturing step at 95 °C, followed by annealing at 
50 °C (30 mins) and extension at 72 °C (50 mins). After 40 cycles, the reaction 
was maintained at 4 °C and PCR products were then resolved onto a 3% agarose 
gel. The wild type product was a single 480 bp band, homozygous product a 580 
bp band and heterozygous had of course both bands (Fig. 1). 
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2.2 Behavioral test 
 2.2.1 - Daily Life 
2.2.1.1 - Burrowing test 
 Burrowing is a evolutionarily conserved behavior observable in all rodents 
because burrows served as a defense against predator, as food stores, refuges from 
cold weather and safe places to rear young. 
 Burrowing is a non-invasive technique used as part of the initial assessment of a 
genetically modified mouse. The test is very cheap to run and requires minimal 
experimenter training, it also seems sensitive to a variety of treatments, like lesions 
of the hippocampus and prefrontal cortex in mice (Deacon R. M. J., 2006).  
 A group of 20 mice (males, 2 months of age) including Grin2aN/N, Grin2aS/S and 
Grin2aN/S, were housed individually in a clean cage with a thin layer of bedding 
and had free access to water. A 200mm long, gray plastic, 68mm in diameter grey 
tube filled with 200g of food pellets was placed against the longer wall of the cage 
(Fig. 2). After 2 hr, the amount of pellets remained in the burrow was measured. 
This step was always performed late in the afternoon, before the light had 
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Fig. 1 - Example of PCR result. M: marker pRK7Hinfl; B: blank.
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switched off, meaning approximately 
from 6pm to 8 pm. The animal and 
burrow, with the remaining material in 
it, were then placed back to the cage 
overnight. The next morning, the 
amount of pellets left in the tube was 
weighed again and the animal was 
returned to its home cage.   
      
     
2.2.1.2 - Crawley’s sociability protocol 
 Several behavioral tests have been developed to access sociability in animal 
models. The three-chamber paradigm test (Crawley’s sociability protocol) has been 
used to study social affiliation in inbred and mutant mouse lines. The main 
principle of this test is based on the free choice by a subject mouse to spend time 
in any of three box’s compartments during two experimental session, during 
which it has an indirect contact with an unfamiliar mouse and an inanimate 
object. The main tasks for the experimenter is to measure the preference of the 
tested mouse for the object vs. a conspecific. Thus, the test allows evaluation of a 
critical aspects of social behavior such as “Sociability”, defined as propensity to 
spend time with another mouse (Kaidanovich-Beilin O., 2011). 
 The apparatus was a rectangular grey plastic three-chamber box, with an open 
middle section which allows free access to the left and right side. Two identical 
cup-like transparent plastic containers with removable lids and small holes to 
enable sensory investigation, were placed vertically inside the apparatus, in the 
middle of each side chamber, and contained either the conspecific or the object. 
Their position was varied randomly among the tests (Fig. 3 - picture from thesis: 
Tatiana Peleh, 2013). 
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Fig. 2 - Burrowing set-up. (From Deacon R. M. 
J., 2006)
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 The control mouse used as a conspecific and placed in the cylinder was always 
from the same background (C57BL/6), age (juvenile, usually 8-12 weeks old), 
gender and weight, and without any prior contact with the subject mouse. 
The mouse cage was transferred into the behavioral room 30 minutes before the 
first trial begins. A group of 20 male mice, 2 months of age, including Grin2aN/N, 
Grin2aS/S and Grin2aN/S was tested. 
 Behavioral testing was performed between 9:00am and 6:00pm and consisted of 
two sessions: 
• In the first session, the subject mouse was placed in the center of the middle 
chamber and was free to explore the apparatus for 10 minutes. In this phase 
the two cups in the middle of the right and left chamber were empty. 
• The second session was like the first, but this time a control mice 
(Conspecific) and an inanimate object were inside the containment cups and 
therefore the tested mouse had the possibility to interact either with the 
cospecific or with the object.  
 Two parameters were recorded: 
- number of direct contacts between the subject mouse and the cylinder 
containing either the Conspecific or the object; 
-  duration and number of entries into each compartment. 
 After each trial, the chambers were cleaned with 70% ethanol and the layer of 
bedding was changed. 
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Fig. 3 - Crawley’s sociability test (picture from thesis: Tatiana Peleh, 
2013)
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2.2.2 - ADHD test 
  2.2.2.1 - CAR test 
 The cliff avoidance reaction (CAR) relates to the natural tendency of animals to 
escape a potential fall from a height. CAR impairment is thinking to represent an 
aspect of maladaptive impulsive behaviors in rodents with deficit in behavioral 
inhibition (Yamashita M., 2013). I proposed this test of easy realization to validate 
the hypothesis of ADHD-like phenotype in mutated mice, indeed it was important 
for the results obtained. 
 CAR was evaluated using two round rough plastic platforms (diameter, 20cm; 
thickness, 1cm), fixed by a plastic rod (height, 50cm). The floor below the 
platform was surrounded with sawdust to prevent injury in case of falls. Five 
identical platform were used for the test (Fig. 4). 20 male and 22 female mice, 2-3 
months of age were tested, including Grin2aN/N, Grin2aS/S and Grin2aN/S. The mice 
were transferred into the behavioral room 30 minutes before the beginning of the 
test, 5 mice per turn. 
 In the first session, the test was started by gently placing an animal on a platform 
such that the forelimbs approached its edge. If the animal was falling from the 
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Fig. 4 - Cliff avoidance reaction (CAR), picture of our set-up.
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platform, it was judged to have impaired CAR. The latency from an initial 
placement on the platform to a fall was recorded. Mice which felt from platforms 
were immediately and gently placed back on the platforms, and the test was 
continued for maximum 60 min. 
 In a second session, we tested the hypothesis that psychostimulant-like activity 
of NMDA receptor blockers have utility for management of ADHD (Sukhanov I. 
M., 2004). Another group of 20 female mice was selected, including Grin2aN/N, 
Grin2aS/S and Grin2aN/S. Vehicle (physiological saline) and drugs (200µl) were 
administered 150min prior to CAR test in separate groups of mice: 6 Grin2aN/N 
mice received an i.p. injection of physiological saline, 7 mice (4 Grin2aS/S, 3 
Grin2aN/S) an i.p. injection of memantine (Sigma, 5mg/kg), 7 mice (4 Grin2aS/S, 3 
Grin2aN/S) an i.p. injection of D-serine (Sigma, 50mg/kg). 
 In a third session, we selected 8 Grin2aS/S mice from the first session with the 
highest number of falls: 4 mice received an i.p injection of saline solution (200µl), 
4 mice an i.p. injection of memantine (10mg/kg dose max). Doses used for 
systemic administration of Memantine and D-serine were based on literature data 
(Johnson J. W., 2006; Nilsson M., 1997). 
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2.2.2.2 - Passive avoidance (PA) test 
 PA test is commonly used to measure impulsivity in rodents (Gao Y., 2015) and 
to evaluate learning and memory function by subject’s avoidance of going into a 
compartment where it previously experienced a mild electric shock. 20 male and 
22 female mice (2-4 month of age) were tested, including Grin2aN/N, Grin2aS/S and 
Grin2aN/S. The test-box consisted of a dark chamber with an electrified grid floor, 
in communication with a suspended illuminated platform through a little door 
(Fig. 5).  
 The conditioning trial began placing the 
mouse on the lighted platform and with 
the door open. Latency for the mouse to 
go to the dark chamber was measured. 
Once the mouse fully entered the dark 
chamber, the door was closed and after 10 
seconds th ree 2 - second 0 .8 mA 
footshocks were delivered, with 10 
seconds interval between each other. The 
mouse was then removed 30 seconds 
thereafter.  
 Two hours later, the latency to cross the 
dark chamber was measured, as well as 
the jumps from the platform. The second 
t r ia l was the same used for the 
conditioning, except that no footshock was delivered if the mouse entered the 
dark chamber. The trial was stopped either when the mouse didn’t cross the door 
within 300 seconds or when the mouse entered the dark chamber. 
 The day after the second trial was repeated again.  
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Fig. 5 - Passive avoidance test, picture of 
our set-up.
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2.2.3 - Audiogenic Seizure (AGS) test 
 To induce seizure, mice were placed individually in a plexiglass chamber where 
a 11kHz tone (110dB, 4 repetitions of 20 seconds tone, with 1.5 seconds interval), 
was presented using a speaker connected to a computer.  
 The seizures were successfully rescued in homozygous mice by treatment with 
memantine (5mg/kg, dissolved in physiological saline). Animals tested: 
- 9 Grin2aS/S females: 5 received an i.p. injection of memantine, 4 of 
saline; 1 female Grin2aN/N used as control received only physiological 
saline; 
- 6 Grin2aS/S males: 4 received an i.p. injection of memantine, 2 of saline; 
2 male Grin2aN/N used as control received only physiological saline. 
 Vehicle and drugs (200µl) were administered 180min prior to AGS test.  
 Considering the variability in seizure expressivity depending on the genetic 
background of the mutated mice, we wanted to verify the susceptibility to AGS 
after transferring the mutation to another mouse strain different from C57BL/6N. 
For this specific purpose we crossed our mutants with FVB mice. Given that the 
latest have white coat, we obtained Agouti mice from the first generation (Fig. 6). 
We tested 6 males and 6 females, C57/FVBS/S, at generation 5.  
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Fig. 6 - Crossbreed mice
FVB x C57BL/6J
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2.3 Biochemical, morphological and gene 
expression analysis 
2.3.1 - Brain extraction 
 Mice were sacrificed by inhalation of a lethal dose of the anesthetic isoflurane.  
After removing the head using a pair of scissors, we cut through the scalp to 
expose the skull making sure to remove any residual muscle. Then, placing the 
sharp end of a pair of iris scissors into the foramen magnum on one side, carefully 
sliding the scissors along the inner surface of the skull, we did a cut extending to 
the distal edge of the posterior skull surface, and on the contralateral side too. 
Using the blunt-ended forceps, we cleared away the skull around the cerebellum. 
Then, carefully sliding the blunt-ended forceps along the inner surface of the skull 
from the dorsal distal posterior corner to the distal frontal edge of the skull, we 
lifted up to prevent damage to the brain. The same movement was done for the 
opposite side. With rongeurs we peeled the dorsal surface of the skull away from 
the brain and with a spatula, we severed the olfactory bulbs and nervous 
connections along the ventral surface of the brain. Gently, the brain was teased 
away from the head, rapidly dissected and frozen in liquid nitrogen. 
  
2.3.2 - Western Blotting 
 We used antibody directed against GluN1, N2A, N2B, N3A, PSD95 
(postsynaptic density protein 95), CamKII (Ca2+/calmodulin-dependent protein 
kinase, activated by increases in the concentration of intracellular calcium ions 
(Ca2+)), pCamKII, GluA1 (AMPAR subunits), to analyze the presence and relative 
amount of these subunits and proteins on western blots of crude membrane and 
homogenate preparations obtained from mice forebrains (3 Grin2aN/N, 3 Grin2aS/S 
and 3 Grin2aN/S) at P28. 
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 PSD95 is recruited into the same NMDA receptor and potassium channel 
clusters (Fig. 8), it is almost exclusively located in the post synaptic density of 
neurons and interact with Grin2A-2B. Moreover, it is involved in anchoring 
synaptic proteins and plays an important role in synaptic plasticity and the 
stabilization of synaptic changes during long-term potentiation (Meyer D., 2014). 
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Fig. 8 -  Various kinds of scaffolding proteins enriched in the PSD (postsynaptic density protein): a 
number of them are relatively abundant in the PSD or have direct interaction with glutamate 
receptors, such as PSD-95, Shank, Homer, and GKAP (guanylate kinase- associated protein) 
proteins. (From: Kondo S., 2011)
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2.3.2.1 - Preparation of Brain Membrane Fractions  
 All procedures were done with precooled reagents at 4°C.  
 Forebrains were placed in a glass pestle into ice, 1mL of cold homogenization 
buffer (0.32M sucrose, 25mM HEPES pH 7.4, 0.5mM EDTA, protease and 
phosphatase inhibitors) was added to homogenize the tissue using 10-15 strokes, 
avoiding formation of bubbles. Then, the homogenate was centrifuged at 2000 
rpm for 5 min at 4°C to remove pellet nuclear fraction (P1).  
 The supernatant (S1) was centrifuged at 14.000 rpm for 30 min at 4°C to yield 
crude cytosol (S2) and crude membrane pellet (P2). After that, pellet (P2) was 
resuspended in lysis buffer (1M TrisHCl pH 7.6, 5M NaCl, 1M KCl, 10% 
TritonX100, 10% Nonidet P40, 0.5 M EDTA, protease and phosphatase inhibitors).  
Protein concentration of the lysate was measured by Bradford protein assay. 
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Fig. 9 - Western blot equipment (From: Laemmli-SDS-PAGE. Bio-protocol, 2011
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2.3.2.2 - Blotting 
 This procedure needs a simples equipment (Fig. 9): protein mini gel cassettes 
(Bio-Rad), electroblotting unit-fully submerged (Bio-Rad), heating block module, 
table-top centrifuge and other standard lab equipment (Laemmli-SDS-PAGE. Bio-
protocol, 2011).  
  
• Making SDS-PAGE gel  
 After cleaning and completely drying glass plates, combs, and spacers, gel 
cassette was assembled. 10% separating gel was prepared by adding the following 
solutions (total volume = 10ml): 4.1 ml ddH2O, 3.3 ml 30% polyacrylamide, 2.5 
ml 1.5 M TrisHCl (pH 8.8), 100 μl 20% SDS, 32 μl 10% ammonium persulfate, 10 
μl TEMED (add it right before pour the gel). To avoid polymerization, the gel 
solution (4mL) was well mixed and quickly transferred to the casting chamber 
between the glass plates by using a 5 ml pipette. In addiction, a small layer of 
ddH2O was added to the top of the gel prior to polymerization to straighten the 
level of the gel. Once the gel had polymerized, the stacking gel (4%) was 
prepared by adding the following solutions (total volume = 10ml): 6.1 ml dH2O, 
1.3 ml 30% polyacrylamide, 2.5 ml 0.5 M TrisHCl (pH 6.8), 100 μl 10% SDS, 100 
μl 10% ammonium per sulfate, 10 μl TEMED (added right before the gel was 
poured). Finally, the gel solution was quickly transferred on top of the separating 
gel, and then an appropriate comb was inserted. When the top portion was 
solidified, we carefully removed the comb. 
• Sample preparation 
 According to the protein assay result, samples containing the same 
concentration of proteins (10 μl) were prepared diluting the lysate in ddH2O and 
in a 5x loading buffer, composed by 10% 2-mercaptoethanol, 9M Urea and 
bromophenol blue. For protein denaturation, the sample were mixed and boiled 
at 99 °C for 5 min. Finally, before being loaded for electrophoresis, the samples 
were centrifuged at the maximal speed for 1 min in a tabletop centrifuge. 
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• Electrophoresis 
 A 1x running buffer was prepared by diluting a 10x one, containing 30.3 g Tris-
base, 144.0 g glycine and 10.0 g SDS completely dissolved in 1 liter of ddH2O. 
After removing the gel cassette from the casting stand and placing it in the 
electrode assembly with the short plate on the inside, we added enough buffer to 
fill the wells of the gel and loaded the same amount of protein samples (10 μl) 
plus 7 μl of protein marker (Benchmark, Invitrogen).  
 The samples were separated at 150V, 400 mAmp, for approximately 1 hour or 
until the sample buffer, bromophenol blue dye, had run off the bottom of the gel. 
• Electroblotting 
 Electroblotting should be performed with a fully submerged system, using 1x 
blotting buffer composed by 3.03 g TriZMA, 14.4 g Glycine, 200 mL Methanol, 
completely dissolved in ddH2O up to 1 liter.  
 After electrophoresis, the gel was assembled in the transfer sandwich formed of 2 
sponges, 4 filter papers, the gel and the membrane, as in Fig 10. To obtain a 
correct transfer on the membrane, the latter should be placed at the cathode side 
and the gel at the anode side. 
 Electroblotting was carried out at 30V, 90 mAmp for 16 hours maximum. 
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Fig. 10 - Transfer sandwich
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• Blocking and Immunodetection 
 The blot was briefly stained with Ponceau solution to check the transfer quality 
and then washed with water.  
 The membrane were cut at the right height to the molecular weight of the 
researched protein: 175KDa GluN2A, 160KDa GluN2B, 130KDa GluN3A, 
118KDa GluN1, 105KDa PSD95, 60KDa pCamK2II, 50KDa CamKII, 42KDa β-
actine, 146KDa GAPDH. β-actine and GAPDH (Glyceraldehyde 3-phosphate 
dehydrogenase) were used as control protein. 
 Membranes were blocked for at least 2 hours in 10% milk/PBS 0.05% Tween-20 
solution. After a quick wash in T-PBS, the membranes were incubated with the 
primary antibodies for 2 hours, with shaking. Antibodies were diluted to the 
recommended concentration in T-PBS. [Tab. 1 ] 1
 After washing the membranes in T-PBS for 10 minutes, 3 times, the membranes 
were incubated with the secondary antibodies (peroxidase conjugated antibodies) 
[Tab. 1], previously diluted in T-PBS, for 1 hour, with shaking.  
 The blot was ready for development after 3 washes in T-PBS for 10 min, 3 times. 
Membrane were incubated for 2 min in a HRP color development solution, 
Amersham (40:1 reagent A:B). Then the membrane was covered with a cling wrap 
and exposed to X-ray film under appropriate dark room conditions and the film 
was developed. 
  
• Imaging and data analysis 
 After applying the Amersham solution to the blot, the chemiluminescent signals 
were captured using a CCD camera based imager (Image Reader LAS-3000); we 
used imageJ analysis to normalize the target protein levels to the band intensity of 
the corresponding loading control proteins. 
 Antibody 1° - GluN1: BD Pharmingen; GluN2A: Sigma; GluN2B: MAB 5574 C-term; GluN3A: 1
Millipore; PSD95: Millipore; CamKII: Abcam; pCamKII: Thermoscientific; GluA1: Abcam; B-Actin: 
Sigma; GAPDH: Abcam.  
Antibody 2° - Peroxidase anti-rabbit and anti-mouse: Vector Laboratories,Burlingame CA 94010 USA. 
Distributor in Germany ist Biozol Diagnostik Vertrieb GmbH, Obere Haupts.10b, 85386 Eching. 
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2.3.3 - Transcardial perfusion and brain storage 
 The goal of fixation is to rapidly and uniformly preserve tissue in a life-like state. 
The advantage of directly perfusing fixative through the circulatory system is that 
the chemical can quickly reach every corner of the organism using the natural 
vascular network. We used a low-cost, rapid and uniform fixation procedure using 
4% paraformaldehyde perfused via the vascular system to obtain the best possible 
preservation of the brain for immunofluorescence and immunohistochemistry.  
 We needed of: 
- Perfusion Buffer: 1x PBS (Phosphate Buffered Saline, pH 7.4); 
- Fixative (Roti-Histofix 4%): 4% paraformaldehyde (8% paraformaldehyde stock 
to 0.2M Sodium Phosphate Buffer, from Carl Roth GmbH+Co.KG) . 
- Perfusion set-up: plastic tray with dissection board, two 20cc syringes, double 
stopcock, extension tubing with butterfly needle. 
Tab. 1 - Antisera used 
Antibody 1° Dilution Antibody 2° Dilution
GluN1 Mouse 1:1000 Peroxidase anti-
mouse
1:15000
GluN2A Rabbit 1:2000 Peroxidase anti-
rabbit
1:15000
GluN2B Mouse 1:1000 Peroxidase anti-
mouse
1:15000
GluN3A Rabbit 1:1000 Peroxidase anti-
rabbit
1:15000
PSD95 Rabbit 1:1000 Peroxidase anti-
rabbit
1:15000
CamKII Rabbit 1:2000 Peroxidase anti-
rabbit
1:15000
pCamKII Mouse 1:2000 Peroxidase anti-
mouse
1:15000
GluA1 Rabbit 1:2000 Peroxidase anti-
rabbit
1:15000
β-actine Mouse 1:15000 Peroxidase anti-
mouse
1:15000
GAPDH Rabbit 1:5000 Peroxidase anti-
rabbit
1:15000
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 After killing the mouse with Isoflurane, the animal was crucified on its back by 
fixing the feet to the support with needles. Using the blunt-end forceps, we raised 
the skin and body wall up near where the bellybutton would be and with the 
blunt-end scissors cut entering the body cavity. Continuing the incisions through 
the rib cage to just aside the lungs, we cut through the diaphragm by lifting the 
sternum and placing one blade of the scissors on either side of the membrane. 
Then, we removed the loose flap of skin out of the way and freeing the heart by 
tearing any connective tissue with the forceps. (Fig. 11) 
 Holding the heart gently with the blunt forceps, the needle should be inserted no 
more than ¼ inch, any farther and it may come out the other side. We located the 
right atrium and sniped through it with the irridectomy scissors. (Fig. 12) 
 
 If the cut was sufficient, a flush of blood floods in the body cavity. Slowly 
running PBS longer if there was still blood visible in the liver.  The clearing of the 
liver was an indicator of a good perfusion. When the liver was completely bled 
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Fig. 11 - Trascardial surgery (From: Gage G. J., 2012)
Fig. 12 - Needle placement (From: Gage G. J., 2012) 
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out, we opened the PAF line. Fixation tremors should be observed and slowly the 
mouse should be stiff. 
 The brain was extracted as previously described an then placed in a vial 
containing fixative (at least 10x of the volume of the brain itself) and stored at 4°C 
overnight. After 24 hours, the brain was washed with PBS by exchanging the 
media 3 times and swirling each time for 10 minutes. Brains were then stored in 
PBS and kept at 4 °C until they were included in 3% agarose gel in PBS. 
2.3.4 - Immunofluorescence 
 Immunofluorescence (IF) is a common laboratory technique used in almost all 
aspects of biology. Applications include the evaluation of cells in suspension, 
cultured cells, tissue, beads and microarrays for the detection of specific proteins. 
IF techniques can be used on both fresh and fixed samples. The two main methods 
of immunofluorescent labeling are direct and indirect. Less frequently used is 
direct immunofluorescence whereby the antibody against the molecule of interest 
is chemically conjugated to a fluorescent dye. In indirect immunofluorescence, 
the antibody specific for the molecule of interest (primary Ab) is unlabeled, and a 
second anti-immunoglobulin antibody directed toward the constant portion of the 
first antibody (secondary Ab) is tagged with the fluorescent dye. The fluorescence 
can then be quantified using a fluorescence or confocal microscopy. 
 We used indirect immunofluorescence to detect GFAP (glial fibrillary acidic 
protein, the major intermediate filament proteins of mature astrocytes used as a 
marker to distinguish astrocytes from other glial cells ), NeuN (Neuronal Nuclei, a 
neuron-specific nuclear protein commonly used as a biomarker for neurons), CnP 
(2',3'-cyclic-nucleotide 3’-phosphodiesterase, expressed exclusively by 
oligodendrocytes, plays a critical role in the events leading up to myelination), PV 
(Parvalbumin, present in GABAergic interneurons, is involved in calcium 
signaling), cFOS, ARC and GluN1 proteins after audiogenic seizures. Only for 
NR1 was required the antigen retrieval procedure. 
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 The post-fixed brain were embedded in 3% agarose in PBS1x and cut with a 
vibratome at 50μm thickness sections, in cold PBS. 
•  Antigen retrieval  
 Certain antibodies work best when sections tissue are heated in antigen retrieval 
buffer [Sodium Citrate Buffer: 10mM Sodium Citrate, 0.05% Tween 20, pH 6.0], 
for 40 minutes, at 95°C, used to break chemical bonds formed during fixation. 
•  Blocking and Primary Antibody (DAY1) 
 We transferred the sections in the blocking solution  for 40-60 minutes, in gentle 2
agitation. Later, we incubated the samples in the diluted primary Ab in 0.2% 
Triton-X 100/ 1X PBS, at 4°C, overnight, in gentle agitation. Usually, we 
performed a simultaneous incubation of two primary Ab. [Tab. 2 ] 3
•  Secondary Antibody and Color reaction (DAY2) 
 After washing sections with 1X PBS, 3 times, 10 minutes each, we incubated the 
sections with the secondary Ab in 0.2% Triton-X 100/ 1X PBS, for 2 hours at room 
temperature, in gentle agitation. [Tab. 2] After 3 washes with PBS, the sections 
was incubated with DAPI (1:5000 in PBS) for 30 minutes and re-washed 3 times 
with PBS. Finally, we mounted the sections on pre-cleaned slides, let air-dry and 
coverslip with Glycerol-PBS (50:50).  
 Blocking solution for GluN1 and PV: 1% BSA, 0.5% Triton-X 100, in 1X PBS. 2
Blocking solution for GFAP, NeuN, CnP, cFOS and ARC: 2% BSA (Bovine 
serum albumin), 2% FISH, 0.1% Triton-X 100, in 1X PBS
 Antibody 1° - GluN1: Millipore; ARC: Santacruz;  cFOS: Calbiochem; PV: Sigma; CNP: Cell signalling; 3
NeuN: Millipore; GFAP: Dako. 
Antibody 2° - Jackson Immuno Research, West Baltimore Pike, West Crove, PA, USA. Distributor in 
Germany, Dianova GmbH, Warburgstr.45, 20354 Hamburg.
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2.3.5 - Immunohistochemistry 
 Immunohistochemistry (IHC) is a powerful technique widely used for detection 
of antigens in histological and cytological specimens. The basic principle of IHC is 
the use of enzyme-linked antibodies to detect tissue antigens. The colorless 
substrate is converted by enzyme into a colored product that precipitates on the 
slide at the site of the antigen localization.  
  2.3.5.1 - DAB staining for GFAP and NeuN 
 3,3'-Diaminobenzidine (DAB) is an organic compound that is both chemically 
and thermodynamically stable. Diaminobenzidine is oxidized by hydrogen 
peroxide in the presence of hemoglobin to give a dark-brown color. 
 In research, this reaction is used to stain tissue prepared with hydrogen 
peroxidase enzyme, following common immunocytochemistry protocols. 
Researched proteins are targeted by a primary antibody, and subsequently by a 
secondary antibody, which is conjugated with a peroxidase enzyme. This will bind 
DAB as a substrate and oxidize it, producing an easily observable brown color.  
 The post-fixed brain were embedded in agarose and cut with a vibratome at 
50μm thickness sections in PBS. 
•  Blocking and Primary Antibody (DAY1) 
Tab. 2 - Antisera used
Antibody 1° Dilution Antibody 2° Dilution
GluN1 Rabbit 1:1000 Anti-rabbit Cy3 1:800
ARC Mouse 1:1000 Anti-mouse FICT 1:800
cFOS Rabbit 1:1000 Anti-rabbit Cy3 1:800
PV Mouse 1:2000 Anti-mouse FICT 1:800
CnP Rabbit 1:500 Anti-rabbit Cy3 1:800
NeuN Mouse 1:1000 Anti-mouse FICT 1:800
GFAP Rabbit 1:500 Anti-rabbit Cy3 1:800
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 The endogenous enzymes present in the tissue (peroxidase) result in a non-
specific staining, not caused by the binding Ag-Ab, when an identical enzyme is 
used as detection system. Then, it is necessary to irreversibly inhibit endogenous 
peroxidase before the staining procedure. For that, we pre-incubated the sections 
with hydrogen peroxide (0.5% H2O2) in PBS for 15 minutes. 
 Subsequently, to saturate the aspecific binding sites and prevent the non-specific 
staining prior to applying the primary Ab, we exposed the sections to a inert 
protein solution, the blocking solution, composed by 0.3% Triton-X 100, 1% BSA 
(bovine serum albumin) and 2% NGS (normal goat serum) in 1X PBS for 1 hour. 
Finally, the sections were incubated with primary Ab [Tab. 3] diluted to the 
desired concentration in the blocking solution without NGS, overnight. 
•  Secondary Antibody, Amplification and Color reaction (DAY2) 
 We diluted (1:3) the blocking solution in 1X PBS and washed the sections 3 
times, 10 minutes each. The same solution was used to dilute the secondary Ab 
[Tab. 3 ], which was incubated for 1 hour.  4
 Subsequently, we fulfilled 3 washes, 10 minutes each, with diluted blocking 
solution, 1X PBS and 20mM TriHCl,. At this point, we covered sections with DAB 
substrate solution (DAB 2% in 20mM TriHCl, 20μl/ml) and incubate for 5 minutes 
in total darkness with gentle agitation. Then we added 0.03% hydrogen peroxide 
(in 20mM TrisHCl/DAB solution) to each well and visually inspected the sections 
to assess the degree of color development. The time required for completion can 
vary from 10 seconds to 15 minutes. Reaction shouldn’t take longer than 20 
minutes. 
 When the DAB staining reaction was complete, we added 1X PBS to stop the 
reaction and then washed the sections extensively with PBS to remove residual 
DAB. Finally, we mounted sections on pre-cleaned slides, let air-dry and coverslip 
with Eukitt medium®. Sections should be examined under a light microscope with 
a brightfield condenser. 
 Antibody 1° - GFAP: Dako; NeuN: Millipore. 4
Antiboby 2° - Peroxidase anti-rabbit and anti-mouse: Vector Laboratories,Burlingame CA 94010 USA. 
Distributor in Germany ist Biozol Diagnostik Vertrieb GmbH, Obere Haupts.10b, 85386 Eching.
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2.3.5.2 - NeuroSilver staining 
 FD NeuroSilver™ Kit II is designed for the detection of degenerating neurons in 
fixed tissue sections of the central nervous system from experimental animals. The 
principle of this kit is based on the findings that certain components of neurons 
undergoing degeneration, such as lysosomes, axons and terminals, become 
particularly argyrophilic. Under certain conditions, these cellular elements bind to 
silver ions with high affinity. Upon reduction, the silver ions form metallic grains 
that are visible under a light or an electron microscope. 
•  Tissue preparation 
 Upon removal, brains should be postfixed overnight at 4°C in the same fixative 
used for perfusion. To protect the brains from crystal formation during freezing, 
they were immersed in 0.1 M PB containing 20%, and then, 30% sucrose for 72 
hours at 4°C. We cut 40 – 80 μm thick sections with a cryostat, that were 
collected in PBS and subsequently transferred and stored into 4% 
paraformaldehyde for at least 7 days, at 4°C, before processing.  
•  Staining procedure 
 We performed the neurosilver staining following the use manual of the FD 
NeuroSilver™ Kit II - PK 301/301A, Version 2014-01 - FD NeuroTechnologies. 
Silver-stained sections should be protected from light whenever possible and 
should be examined under a light microscope with either a brightfield or a 
darkfield condenser. 
Tab. 3 - Antisera used
Antibody 1° Dilution Antibody 2° Dilution
GFAP Rabbit 1:500 Peroxidase anti-
rabbit
1:600
NeuN Mouse 1:1000 Peroxidase anti-
mouse
1:600
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  2.3.5.3 - Golgi-Cox staining 
 Golgi-Cox impregnation has been one of the most effective techniques for 
studying both the normal and abnormal morphology of neurons as well as glia. 
Golgi's method, also called the black reaction, allows to view entire neurons in 
fixed tissue with chrome and impregnated with silver nitrate. 
 The animal brain should be removed after transcardial perfusion. Then, we 
performed the Golgi-Cox staining following the use manual of the FD Rapid 
GolgiStain™ Kit - PK 401/401A, Version 2014-02 - FD NeuroTechnologies.  
The resultant impregnated brain was embedded in agarose and 100μm-thick 
sections were cut with a vibratome. 
2.3.5.4 - Statistical analysis 
Statistical analyses were conducted using GraphPad Prism 5.0. Bonferroni post-
test was used to analyze behavioral differences between genotypes during 
burrowing activities. After a preliminary profiling through idTracker and MatLab 
script, One-way ANOVA and Tukey’s multiple comparison post-test were used to 
analyze behavioral differences in hyperactivity between genotypes during the 
“sociability” and CAR tests. Log-rank (Mantel-Cox) test followed by Bonferroni 
post-test were used to analyze the contextual fear conditioning in PA. 
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3. RESULTS 
3.1 Behavioral test 
   
3.1.1 - Burrowing test 
 Given a burrow filled with 200 g of food pellets, Grin2aN/N and Grin2aS/N mice 
normally burrow out of the tube about 100 g overnight whereas Grin2aS/S mice 
displayed a significant deficit for burrowing activity compared to the other two 
groups of mice when tested 18 hours after the burrow placement (Fig. 1 - *P < 
0.05 versus Grin2aN/N and Grin2aS/S by Bonferroni posttests). 
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Fig. 1 - Burrowing Test results. *P < 0.05 by Bonferroni posttest
Marta Serafino
3.1.2  - Crawley’s sociability protocol 
 When tested for “Sociability” it appeared that all mice had the propensity to 
spend time with another mouse compared to time spent with an inanimate object. 
In the Fig. 2 are represented 2 examples of a Grin2aN/N and Grin2aS/S mouse path 
obtained by idTracker analysis, a videotracking software that keeps the correct 
identity of individual during the whole video. This two examples show clearly the 
difference in locomotor activity existing between a mutated and a wild-type 
 65
Example of Grin2aS/S mouse path function of time
Example of Grin2aN/N mouse path function of time 
Fig. 2 - Examples of a Grin2aN/N and Grin2aS/S mice path obtained by idTracker analysis for the 
Crawley’s sociability test. In both, the same path (x,y) function of time (z) as seen from three 
different perspectives: a) 3D, b) x,y, c) x,z. The Cospecific (C) and Inaminate (I) object position 
are indicate in the 3D graph.
X
X
X
Y
Y
Z
Z
Marta Serafino
mouse when exposed to a stimulus; the homozygous mice being often highly 
hyperactive.  
 Two parameters were recorded: 
- manually, the number of direct contacts between the subject mouse and the 
containment cup housing either the Conspecific or the inanimate object, for 
each chamber individually; 
- by MatLab script, the duration and the number of entries to each 
compartment. 
 Regarding the interactions with the Conspecific or the Inanimate object, the 
results showed no differences among the three groups. All mice preferred to 
interact with the Conspecifc, although surprisingly the homozygous didn’t prefer 
to enter the mouse chamber (Fig. 3c), in fact the %Entries is significantly lower 
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Fig. 3 - Crawley’s sociability test results. a) Total entries in both chambers counted for each test 
subjects (*P < 0.05). b) Number of entries of the test subjects in mouse/object chambers (*P < 
0.05). c) Percentage of entries into mouse chamber for each test subjects  (*P < 0.05). d-e) 
Number and percentage of interactions observed between the test subjects and Cospecific/
Inanimate object.
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compared to the other groups, and also to the average (50%). Furthermore, 
according to the number of Total entries, it was clear that the homozygous were  
hyperactive (Fig. 3a). All the results are obtained by One-way ANOVA and Tukey's 
multiple comparison post-test, *P < 0.05 versus Grin2aN/N and Grin2aS/S , for each 
parameter. 
3.1.3 - CAR test 
 
 The figure on the right (fig. 
4) show an example of the 
path function of time (z) 
performed by 5 mice during 
1 5 m i n u t e s o f t h e 
experiment. In particular, it’s 
evident the hyperactive 
behavior of a homozygous 
( i n “ g r e e n ” ) a n d a 
heterozygous mouse (in 
“blue”). 
 The Car Survival curve 
shows that homozygous and 
heterozygous mice were 
significantly more impulsive 
t h a n t h e w i l d t y p e 
counterpart (Fig. 5a). 
 The incidence of impaired CAR is calculated as a percentage index for each 
group: %(CAR) = [the number of intact CAR mice (which did not fall from 
platform)/total numbers of tested mice]x100 (Yamashita M., 2013). The Grin2aS/N 
and Grin2aS/S mice revealed a very low %CAR compared to wild type mice (Fig. 
5c). Besides, Grin2aS/S totaled a higher number of jumps compared to the wild-
type mice, whereas the Grin2aS/N scored an intermediate number (One-way 
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Fig. 4 - Example of Car Trace analisys about 5 mice, 2 
Grin2aS/S (in red and green), 2 Grin2aS/N(in blue and 
yellow), 1Grin2aN/N (in ciano) during 15’ of test.
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ANOVA and Tukey's multiple comparison post-test, *P < 0.05 versus Grin2aN/N 
and Grin2aS/S ) (Fig. 5b). 
 Furthermore, we tried to perform a rescue experiment giving Grin2aS/S mice an 
i.p. injection of memantine (10mg/kg) 3 hours prior the test. Unfortunately, the 
acute treatment didn’t rescue the high degree of impulsivity seen in homozygous 
mice (Fig. 5d-e). 
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Fig. 5 - Car test results: a) CAR Survival curve. b) Number of Jumps in 1 hour. c) Total CAR survival 
%. d-e) CAR Survival curve and Number of Jumps of mice treated with memantine.
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3.1.4 - Passive avoidance test 
 In the PA test, used to measure impulsivity and to evaluate learning and memory 
function, the results highlighted behavioral differences between males and 
females. In fact, if the 3 groups of females approximately showed the same 
behavior during each phases of the experiment, the Grin2aS/S males showed an 
impairment in the short-term memory, as revealed by the survival curve, 
percentage of entries after 2h in the Fig. 6e (*P < 0.05 by Log-rank (Mantel-Cox) 
Test).  
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Fig. 6 - Passive avoidance results. a-b-c) Females results; d-e-f) Males results. a-d) Survival curve of 
the Phase 1, percentage of entries during Acquisition. b-e) Survival curve of the Phase 2, 
percentage of entries after 2h. c-f) Survival curve of Phase 3, percentage of entries after 24hs.
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 These results was confirmed by Bonferroni posttests (*P < 0.05 versus Grin2aN/N 
and Grin2aS/S), that revealed a significant decrease of the Latency to enter the 
chamber in homozygous males during the Phase 2 of the test, as show in Fig. 7b. 
3.1.5 - Audiogenic seizure test 
 All homozygous mice reacted to the presentation of the 11kHz tone, with the 
characteristic seizure response, independently of sex and age, always followed by 
respiratory arrest leading to death, unless the sound was timely terminated and the 
mouse resuscitated by breast massage. For the heterozygous mice the situation 
was different because they might either show a reaction only with a repeated 
exposure to the sound or be susceptible one day but not another, probably 
because of a rapid turnover of the mutant subunit or for other mechanisms that 
should be evaluated. 
 Memantine significantly rescued the epileptic phenotype at low doses (5mg/kg) 
(Fig. 8). Repeating the AGS test in the following days, we could observe that the 
same dose of drug produced different effects on the duration of the rescue, with a 
maximal duration of 3 days. 
 Moreover, bringing the mutation to FVB mice, we obtained that, after 5 
generations, the seizures was absent in both homozygous and heterozygous mice, 
while clasping and hyperactivity was present. So, we completely rescued the 
epileptic phenotype (data not shown).  
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Fig. 7 - Passive avoidance results - Latency to enter: a) females group, b) males group.
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3.2 Biochemical, morphological and gene 
expression analysis 
3.2.1 - Western blotting 
 Changes in the expression of NMDAR subunits appear to be particularly 
prominent during postnatal development: the GluN1 subunit is expressed 
ubiquitously in the adult brain, whereas the GluN2 and GluN3 subunits show 
more restricted, region-specific patterns of distribution, providing a structural basis 
for regional variations in NMDA receptor function (Jin D. H., 1996). Moreover, 
their expression changes during development: particularly, the NR2B subunit is 
expressed prenatally and reach an adult level in the second postnatal week, 
whereas the NR2A subunit is not expressed prenatally but dramatically increased 
from second to fourth weeks. The excessive activation of NMDARs under 
pathological conditions may contribute to neurological disorders, such as epilepsy 
(Jin D. H., 1996; Wenzel A., 1997). 
 We analyzed the presence of the subunits GluN1, GluN2A, GluN2B and 
GluN3A, and of other kinds of scaffolding proteins enriched in the PSD, such as 
PSD95, CamKII, pCamKII and GluA1, in forebrain membrane fraction of a group 
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Fig. 8 - Epilepsy rescue with memantine: Percentage of AGS measured 3 
h after memantine i.p. 
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of 9 P28 mice, respectively 3 Grin2aS/S, 3 Grin2aN/N and 3 Grin2aS/N . From the 
immunoblots (Fig. 9) below Grin2aS/S and Grin2aN/N lysates  did not show drastic 
differences in the expression levels of the analyzed proteins.  
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Fig. 9 - Western blot results.
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3.2.2 - Immunofluorescence 
 Though immunofluorescence, we analyzed AGS-related brain circuit and the 
effect on c-fos expression after tone induction and drug rescue. We confirmed 
published data (Szyndler J., 2013) showing that the activated circuit can be 
visualized by c-FOS expression in the brainstem and the forebrain and involves 
IC, PAG, Thalamus, Hypothalamus, medial amygdala, BSTMA and preoptic area 
(Fig. 10a-b-c-d). The mice treated with memantine didn't show any activated 
regions (see discussion) (Fig. 10f).  
 Furthermore, in the same areas (specially brainstem and hypothalamus) showed 
also more positive ARC positive cells, another IEG involved in seizures (Fig. 11). 
 Regarding the GFAP, NeuN, CnP and PV immunofluostaining, we obtained 
results that showed no gross differences (visible at naked eyes) in Grin2aS/S and 
Grin2aS/N brain slices compared to Grin2aN/N animals (data not show).  
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n*- Mice treated with saline (Grin2aN/N) and memantine (Grin2aS/S)
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 74
Fig. 10 - a), b), c), d) Sagittal sections of Grin2aS/S brain mouse expressing cFOS 2 hours 
after AGS compared with Grin2aN/N mice. e) Coronal section of Grin2aS/S mouse 
expressing cFOS 2 hours after AGS compared with Grin2aS/S treated with memantine. 
Scale bar 1mm - cFOS is labelled in green in a-b-c-d) and in red in e-f), DAPI positive cell 
bodies are given in blue.
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Fig. 11 - a) Sagittal and b) coronal section of homozygous brain mouse expressing ARC 2 hours 
after AGS - ARC is labelled in red, DAPI positive cell bodies are given in blue.
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3.2.3 - Immunohistochemistry 
 In Grin2aS/S  coronal sections of mouse brains, we noted that GFAP was reduced 
in the external layers of the cortex, in the caudate putamen and in hypothalamus 
of homozygous mice sacrificed 24h after tone induction (Fig. 13). 
 Eight days after tone induction, we noted gliosis-plaque in the cortex of Grin2aS/S 
mice with AGS compared to AGS exposed Grin2aN/N mice (Fig. 14). 
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Fig. 13 - Example of GFAP immunostaining, coronal sections. Homozygous mice 
compared with wild type, 24h after tone induction. Black puncta indicate areas with 
astrocytes reduction. scale bar 1mm
Fig. 14 - GFAP Coronal sections of 2 Grin2aS/S mice sacrificed 8 
days after tone induction. Black puncta indicate areas with gliosis.
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 To confirm the theory that epilepsy and NMDA-calcium-activated signaling 
pathway underlying neuronal death, we compared NeuN and Neurosilver staining 
24h and 8 days after AGS induction. We found that in slices from Grin2aS/S mutant 
mice there were sign of neuronal loss (NeuN staining) especially in hypothalamus, 
the postero-medial nucleus of the amygdala, the auditory cortex and the 
hippocampus (GrDG, granular layer of the dentate gyrus) (Fig. 15b). 
 In the Neurosilver staining, neurons undergoing degeneration are indicated by 
dense silver precipitates, appearing as black or golden grains, in their somata and/
or processes. Instead, in the NeuN staining are marked only the neurons that are 
not degenerated.  
 To verify the neuronal structure, we used the Golgi impregnation technique to 
analyze the dendritic architecture and axonal arbors of neurons in Grin2aS/S 
Gria2aS/N and Gria2aN/N mice, with particular attention to neurons in the barrel 
cortex. We noted no gross differences (visible at naked eyes) of barrel cortex 
neurons of Grin2aS/S and Grin2aS/N in coronal brain slices compared to Gria2aN/N 
mice (Fig. 16).   
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a) b)
Fig. 15 - NeuN staining 24h after tone induction. a) Wild type mouse. b) Homozygous mouse. 
Black puncta indicate areas with neurodegeneration. 
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Fig. 16 - Examples of Golgi staining. Coronal sections of a) Grin2aN/N, b) Grin2aS/S, and c) 
Grin2aS/N mice brain in which is indicated the Barrel Cortex with a black puncta.
a) Grin2aN/N b) Grin2aS/S c) Grin2aS/N
n*- Mice treated with saline (Grin2aN/N) and memantine (Grin2aS/S)
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4. DISCUSSION AND 
CONCLUSIONS 
 Upon excitatory neuron activation, glutamate is released in the synapse from the 
presynaptic terminal and, in a first step, its interaction with postsynaptic AMPARs 
induces Na2+ influx in the neuron and, consequently, membrane depolarization. 
In the second step, this depolarization allows the removal of the Mg2+ block of 
postsynaptic NMDARs, permitting the influx of Ca2+ (and Na2+) into the neuron 
(and leakage of K+) and the activation of a number of kinases and other 
cytoplasmic enzymes.  
 Endogenous Mg2+ both block the channel and allosterically enhance the affinity 
of the NMDAR for glycine, the co-agoniste, also at resting potential. These two 
mechanisms could actually work together to increase the relationship between 
membrane potential and the magnitude of the NMDA response, and to strengthen 
the NMDA-mediated Ca2+  influx into the postsynaptic neurons required for the 
regulation of excitatory synaptic transmission (Wang L.-Y., 1995). 
 In my thesis work I performed genotyping, behavioral test, western-blot analysis 
and many different histological technics to analyze protein expression and 
anatomical structures of neurons and glia of mice carrying a gene targeted 
NMDAR-point mutation, Grin2A(N596S), that causes the loss of the Mg2+ block 
and a low decrease in Ca2+ permeability. This mutation is homologous to a human 
de novo point mutation, Grin2A(N615K), found in a young patient with severe 
mental retardation and epileptic seizures (Endele S. et al., 2010). 
 Impulsivity, defined as a lack of behavioral inhibition and/or difficult to suppress 
or control, and hyperactivity, the most noticeable symptom of ADHD, are the first 
major features present in Grin2aS/S mice, as emerged from the battery of 
behavioral tests proposed, especially in the CAR test.  
 In animals, locomotor activity is regulated by monoaminergic neuronal system: 
activation of the dopaminergic system induces hyperlocomotion; activation of the 
serotonergic neuronal system inhibits hyperlocomotion. The striatum is the main 
input structure of the basal ganglia, where afferents from the cerebral cortex, 
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thalamus, and substantia nigra converge and interact. Glutamate and dopamine 
inputs terminate on the same spines of striatal GABAergic neurons and on cortical 
pyramidal neurons, offering the potential for physiological interactions between 
the glutamate and dopamine system (Cepeda C., 2009). These interactions in the 
striatum support sensory-cognitive-motivational and motor functions; in the 
cortex, they influence learning and memory (Cepeda C., 2009). 
 NMDARs interact directly with dopamine receptors; depending on the class of 
dopamine receptor activated, the results can be either to enhance or to inhibit 
NMDAR currents. For example, in the striatum, D1 receptor-induced 
enhancement of NMDA responses can be mediated by a cooperative signaling 
cascades involving PKA, cAMP, phosphorylation of GluN1 subunits, activation of 
voltage-gated Ca2+ channels and also an increase in GluN1-2A-2B proteins in the 
synaptosomal membrane fraction (Cepeda C., 2009). Moreover, activation of 
NMDARs increased the recruitment and the distribution of D1 receptors into the 
plasma membrane (Cepeda C., 2009). On the other hand, a direct physical 
interaction between D1-D2 receptors and GluN2A subunits is involved in the 
inhibition of NMDAR-gated currents, via a decrease in the number of cell surface 
receptors, important to prevent excessive activation of NMDARs and its 
consequent Ca2+ accumulation that may be deleterious to neurons (Cepeda C., 
2009).  
 In mice, the disruption of Grin2A in the striatum causes increases metabolism of 
dopamine and serotonin, because of disinhibition of the GABAergic input; these 
animals showed indeed increased locomotor activity (Miyamoto, 2001). 
In the frontal cortex, D1-NMDAR interactions is implicated in working memory 
and cognition: the process may involve the enhancement of Ca2+ influx through 
the NMDA-channel, inducing the LTP (Cepeda C., 2009).  
 Considering the important notions listed above, it is possible that the 
mutation present in our Grin2aS/S mice might provoke an alteration of the 
delicate homeostatic balance between the two monoamergic system (an 
increased serotonergic neuronal activity consecutive to an increase of the 
dopaminergic neurotransmission) and/or alterations of D1-GluN2A 
interactions. Likely the input selection process of attention and executive 
control over impulsive responding may be the result of integration of 
mutated-NMDA receptor function and the activity of the two interacting 5-
 80
Marta Serafino
HT and DA receptor systems into cortico-striatal circuitry, in particular into 
the PFC pathway.  
 In addition, this alteration might be the cause of the significant deficit in 
burrowing and in limb-clasping activity displayed by Grin2aS/S mice. These 
alterations may involve the brain areas important for the two mentioned 
behaviors: the hippocampal and/or mPFC cortices for burrowing and the 
cerebellum and basal ganglia for clasping (Deacon, 2002; Lalonde R., 2011). 
Moreover, Grin2aS/S mice showed impairments in sociability, indeed they didn’t 
prefer to stay with a conspecific during the Crawley’s sociability test and showed 
an impairment in the pregnancy success. This phenotype might also be 
attributable to the same homeostatic alteration in the same brain areas.  
 NMDAR surface expression and the insertion at synaptic as well as to 
extrasynaptic site, are dynamic and highly regulated, crucial in establishing 
normal synaptic transmission and plasticity. The GluNR2 subunits are determinant 
in controlling NMDAR turnover (Nong Y., 2004),  which last approximately 10 h 
(J. von Engelhardt, 2009); moreover, the half-life of total GluN2A proteins is 16h, 
while the ones bound to the cell membrane have an half-life of 20 h (J. von 
Engelhardt, 2009). Clathrin-dependent endocytosis of NMDARs at synaptic active 
zone and at the “hot spots” of dendritic spines provides a fundamental mechanism 
for dynamic regulation of the number of NMDARs, which might be important for 
physiological and pathological functioning of the CNS. NMDARs are primed for 
internalization by agonist stimulation of the glycine site in GluNR1 subunits, after 
tyrosine phosphorylation of the same subunits. Under resting conditions NMDARs 
are usually protected from internalization because the basal extracellular 
concentration of glycine is just below a certain “set point” for the internalization 
priming (Nong Y., 2004). The internalization process could be then be activated if 
extracellular glycine concentration become greater then the 'set point', as in 
conditions of high levels of neuronal firing activity, which can happen 
physiologically or pathologically, like for example during seizures, ischemia, 
hyperactivity, etc (Nong Y., 2004). As well as the glycine-mediated endocytosis, 
the Ca2+-dependent desensitization provides a negative feedback loop on the 
NMDAR, resulting in a dissociation of the receptor from the cytoskeleton that 
cause a conformational change in the receptor, which reduces its open probability 
(Zito K., 2009). Maybe, being Ca-dependent, these mechanisms are altered in 
Grin2A mice. 
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 An acute treatment with the NMDAR antagonist memantine didn’t 
improve hyperactivity in Grin2aS/S mice, but probably a chronic treatment 
would be more effective. For example, as reported by Findling et al., 2007 
or Hosenbocus et al., 2013, a chronic treatment in children diagnosed 
with ADHD showed a dose dependent benefit in both the inattention and 
the hyperactivity/impulsivity domains. Moreover, it's also possible that the 
chosen Car test is not the best one to reveal this kind of improvements.  
 As mentioned before, GluNR2 subunits give distinct contributions to different 
forms of long-term synaptic plasticity: activation of GluN2A induces LTP whereas 
GluN2B activation participates in LTD (Erreger K., 2005). This theory is supported 
by electrophysiological measurements of LTP in Grin2aS/S mice, that is reduced in 
vivo, and by the passive avoidance test that highlighted a further damage in short-
term memory in Grin2aS/S males mice. Being a coincidence detector, the NMDAR 
is capable of signaling coincident pre- and postsynaptic activity. The relationship 
between the temporal correlation of pre- and postsynaptic activity, and both rate 
and timing, determine the plasticity (Erreger K., 2005). Ca2+ influx through the 
NMDAR is thought to be responsible for its roles in LTP and LTD, depending on 
the temporal pattern and amplitude of its transient. Ca2+ background 
concentration within cells had to be maintained at a level low enough to be 
significantly changed when it’s necessary.  
 Given that the mutation influences the extent and timing of Ca2+ entry 
already at resting potential, there can be an alteration in gene expression 
which contributes to reduce synaptic plasticity in Grin2aS/S mice, since the 
removal of the Mg2+ block causes increased CREB repressor expression 
and decreased expression of memory-associated genes, not allowing cells 
to discriminate between correlated synaptic inputs and uncorrelated 
activity (Miyashita T., 2012). 
 Another aim of this thesis work was to experimentally verify that uncorrelated 
activity through GluN2A-containing NMDAR caused strong sensitivity to AGS in 
C57BL/6J mice, which have genetic background known to be resistant to AGS on 
initial exposure to an acoustic stimulus (priming) (Heinrichs, 2006). Effectively, the 
point mutation Grin2A(N615K) confers a high susceptibility without “priming” 
and cause the characteristic seizure response in all Grin2aS/S mice and, 
 82
Marta Serafino
sometimes, in Grin2aN/S. Considering the “two hit” hypothesis of Faingold (2012), 
we can postulate that in Grin2aS/S mice the “first hit” is the mutation involving the 
subunit GluN2A, and the “second hit” is an intense acoustic stimulus (11kHz), 
which initiates the AGS. 
 Activations in lower-level structures along the ascending auditory pathway, such 
as the dorsal cortex of the IC, are more robust than those in higher-level 
structures, like the auditory cortex (Cheung M. M., 2012). We confirmed 
published data (Szyndler J., 2013) showing c-FOS and ARC expression in the 
brainstem and the forebrain. 
 This lower-level structures activations may be due to differences in 
vasculature, energy consumption, or neuronal activity, and to a tonotopy 
related to a laminar organization in all subcortical structures. IC tonotopy 
has been explored: low frequencies are encoded in the dorsolateral IC and 
high frequencies in the ventromedial IC (Cheung M. M., 2012).  
 The sound frequency gradients present in the dorsal cortex of the IC (DCIC), 
whence spread the seizure, included the mouse’s full hearing range (1.25-80Hz): 
the majority of the neurons assigned to the 
DCIC had best frequencies (BFs) between 5 
and 20 kHz, with a peak near 10-15 kHz 
where the mouse is most sensitive (Fig. 1). 
The DCIC tonotopic organization reflects the 
topographic organization of the cortico-
collicular projection; effectively, the spatial 
distribution of BFs of the cortico-collicular 
terminals was consistent with that of the 
DCIC neurons (Barnstedt O., 2015). This may 
explain the high sensitivity of Grin2aS/S mice to the tone of 11kHz. 
 The fact that the susceptibility to AGS was vanished after 5 generation of 
crossing our mutants with FVB mice confirmed that the threshold 
susceptibility could differ from strain to strain. 
 Moreover, memantine significantly rescued the epileptic phenotype at low doses 
(5mg/kg could), inhibiting extrasynaptic NMDARs more potently than synaptic 
NMDARs (Johnson J. W., 2015). NMDARs extrasynaptic inhibition in DCIC 
neurons seems to be sufficient to block the seizure onset. The interactions 
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neurons (From: O. Barnstedt, 2015). 
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between memantine and gating can provide information regarding the 
conformational changes associated with channel activation.  
 If the gating-associated conformational changes occurred near the 
constriction of the channel, block by memantine influences mutated-
channel gating more than Mg2+, suggesting that, maybe, different portions 
of the NMDAR undergo conformational changes.  
 Therefore, an increase in the dose of memantine (10mg/kg) could have a long-
term impact on rescue the epilepsy (more than 3 days), stabilizing the receptors. 
 Considering their seizure profile, the neural circuitry involved and the 
complete penetrance of the mutation, Grin2aS/S mice can be used as a 
good model to study the human SUDEP. Our results suggest that 
memantine has the potentials to be considered for theraphy. 
 Regarding the correlation between NMDAR-induced molecular pathways and 
the level of neuronal and astrocytic degeneration, highlighted using silver staining 
and GFAP staining after 24h/8days from the AGS, it is known that the degree of 
NMDAR-mediated cell death is related to the magnitude and duration of synaptic 
and extrasynaptic NMDAR coactivation (Zhou X, 2013). GluN1/GluN2A and 
GluN1/GluN2B NMDARs display a higher sensitivity to voltage-dependent Mg2+ 
block, higher Ca2+ permeability and higher single-channel conductance. Each of 
these properties is considerably affected by mutations of asparagine residues 
located at the M2 loop of both GluN1 and GluN2 subunits but it is the GluN2 
composition of NMDARs that is the main determinant of the nature and duration 
of single-channel activations (Wyllie D. J. A., 2013). 
 In particular, synaptic Ca2+ influx leads to activation of CREB, resulting in 
activation of gene expression. One of the genes up-regulated in response to 
activated CREB is brain derived neurotrophic factor (BDNF), which acts to 
promote pro-survival programs. 
 In contrast, extrasynaptic Ca2+ influx is thought to lead to CREB deactivation and 
inhibition of BDNF expression, which can have deleterious effects on cell health.  
 In fact, the Ca2+ overload and loss of Ca2+ homeostasis triggered by 
NMDARs overactivation results in neuronal excitotoxicity, which has been 
implicated in the loss of neurons, for example after a seizure (Zhou X, 
2013).  
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 These different genomic responses may be attributed to difference in receptor 
density and regulatory property (Zhou X, 2013). 
 In addition to regulate BDNF levels, via CREB, Ca2+ influx induced by 
seizure brings also c-fos and c-jun expression, resulting in the activation of 
proapoptotic genes involved in the apoptosis intrinsic pathway.  
 Limited information are known about the role of astrocytes during and/or after 
the seizure, but excessive activation of NMDARs in oligodendrocytes triggers 
excitotoxic cell death, due to Ca2+ overload and mitochondria dysfunction (Cao 
N., 2013). 
Briefly, what emerged from my dissertation about the GRIN2A(N596S) mutation is 
that: 
★ Grin2aS/S mice exhibited a pronounced impairment in spatial learning and 
working memory, severe cognitive deficits, reduced body weight (25%),  and 
limb-clasping responses. 
★ Grin2aS/S mice can be used as a good model to study ADHD, AGS and the 
human SUDEP. 
★ In Grin2aS/S mice, an acute treatment with memantine didn’t improved 
impulsivity/hyperactivity, but at low doses significantly rescued the epileptic 
phenotype. Finally, the mutation susceptibility could differ from strain to 
strain. 
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